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 i 
ABSTRACT 
 
In recent years there has been considerable interest in the use of synthetic 
hydrotalcites as stabilisers for poly(vinyl chloride) (PVC). Hydrotalcites are 
essentially hydrated magnesium-aluminium-hydroxy-carbonates: a typical 
formula being Mg6Al2(OH)16CO3.4H2O. Substitution of a divalent by a trivalent 
cation in the brucite structure creates a positive charge that needs to be 
counterbalanced by the presence of an anion, and this is usually carbonate. 
Hence, hydrotalcites are anionic clays, as opposed to the more common 
montmorillonite-like clays or so called cationic clays.  These double-layered 
hydroxides have the capacity to undergo anion exchange reactions and so the 
carbonate can be substituted for other anions such as chloride, sulphate or 
nitrate. The characteristic of anion exchange means that, commercially, 
synthetic hydrotalcites are used for catalysis, ion scavenging, purification 
processes and the stabilisation of PVC formulations.  
This thesis present result of a project to synthesise and modify hydrotalcites to 
produce ultra-fine particles in recognition of the fact that the benefits of 
hydrotalcite could be enhanced with smaller particle sizes.  
The work has proceeded via two routes: firstly, by experiments to modify and 
intercalate the hydrotalcite with a surfactant in a way analogous to that used 
to montmorillonite clays, and secondly by novel synthesis methods. Two 
different synthesis reactions were used: one based on Urea and the second 
by a controlled pH method. Different drying technologies were used to obtain 
the optimum particle morphology and size. It was found that ultra-fine 
hydrotalcite particles gave an improvement in PVC thermal stability, although 
addition of higher levels of the hydrotalcites caused a reversal in this trend. 
The Haake Rheometer was used extensively to study the behaviour of the 
polymer clay nanocomposite formulations and to investigate the pros and 
cons of the addition of nanometre particles. 
Further work using an autoclave has resulted in particles of nanometre-sized 
dimensions with enhanced crystallinity and very high surface area which are 
promising for future work on PVC clay nanocomposites. 
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Chapter 1 
INTRODUCTION 
 
 
1.1. BACKGROUND 
Poly(vinyl chloride) or PVC, firstly appeared in 1835 but  found its commercial 
applications only in the early 1930s. The inventor of the plastic was a German 
scientist, Fritz Klatte, who accidentally discovered poly(vinyl chloride) but 
eventually managed to patent it. Once the latter expired, another scientist, 
Waldo Selmon, independently developed the polymer finding fresh new 
market applications.  
Poly(vinyl chloride) is a versatile and remarkable material which can be 
produced in rigid, flexible and foamed (called also cellular) forms. Major 
applications for rigid PVC are in building and construction, moulded parts and 
extruded sheet, and for flexible PVC in film, wire and cable, flooring and 
tubing. Foamed or cellular PVC has applications from window profiles to 
advertising boards. 
Nowadays, poly(vinyl chloride) is the second largest tonnage polymeric 
material in the world after polyethylene and its global production for 2007 was 
estimated at 34 million tonnes. 
 
1.1.1. THERMAL STABILITY  
The most common issue with PVC is the thermal degradation which is due to 
different external factors such as, light and heat. The labile chlorine atoms on 
the polymer chain react to light or heat, releasing hydrochloric acid. 
Subsequently, formation of conjugated bonds on the poly(vinyl chloride) chain 
is found to give poly(vinyl chloride) a characteristic discolouration. Thermal 
stabilisers such as fatty acid salts of metals (i.e. calcium and zinc stearate) or 
organo-tin compounds are used for PVC applications to enhance thermal 
stabilisation and to improve the life of the products.  
Other additives such as lubricants are used to improve processing of the 
plastic.  
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1.1.2. VINYLSUM NETWORK 
The project was part of the VinylSUM network, which was originally funded by 
the EPSRC under the ‘Sustainable Use of Materials’ initiative. The network 
was set up to help address some sustainability issues faced by poly(vinyl 
chloride).  
VinylSUM funded the development of more sustainable additives such as 
hydrotalcite which could improve the thermal stability, replace noxious older 
additives and give longer life to rigid poly(vinyl chloride) formulations. 
 
1.1.3.  HYDROTALCITE 
Hydrotalcite is a natural clay but is easily synthesisable; due to its anion 
exchange properties it is already used in medical applications, catalysis and 
many other sectors. Especially with poly(vinyl chloride), hydrotalcite is very 
useful to incorporate chlorine ions, due to an exchange anion reaction in its 
structure during thermal degradation. To improve thermal stabilisation a 
primary stabilizer such as Ca/Zn stearate is usually used, while hydrotalcite 
becomes the secondary stabiliser. The combination of the two compounds 
enhances the degree of stabilisation. A perfect knowledge of the properties of 
hydrotalcite, synthesis methods or modification (i.e. using surfactants) could 
improve the thermal stabilization and replace other additives in the polymer.  
 
1.3. AIMS AND OBJECTIVES 
The subject of this thesis is development of novel thermal stabilisers for 
poly(vinyl chloride) and use of hydrotalcite as the primary stabiliser, rendering 
the use of other additives unnecessary. The aim can be achieved by 
synthesising a material with a better particle size than the commercial 
products or else by modifying the clay with surfactant to obtain a better 
dispersability in the polymer.  
To achieve the overall aim, different objectives were set to investigate 
different synthesis, modification of hydrotalcite and ultimately investigate the 
synergism with poly(vinyl chloride) using the knowledge acquired during the 
experimental testing: 
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• To investigate the intercalation or modification using different 
surfactants such as sodium dodecyl benzene sulphonate (SDBS), 
Lanphos and sodium stearate.  
• To investigate the urea method-based synthesis using different 
analytical techniques and obtain a fine powder investigating the use of 
different drying technology on the effect of urea method-based 
synthesis.  
• To investigate a new route which involves the precipitation of 
hydrotalcite using constant pH and assess the samples using different 
analytical techniques.   
• To investigate the crystallinity, particle size and morphology of the urea 
and constant pH methods. 
• To study the impact of urea, constant pH method and modified 
hydrotalcite samples on the thermal degradation of poly(vinyl chloride) 
using Haake rheometer. 
• To study the impact of urea, constant pH method and modified 
hydrotalcite samples on the thermal degradation of poly(vinyl chloride) 
using static method. 
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Chapter 2 
LITERATURE REVIEW 
 
The literature review is divided into six major sections: PVC technology, PVC 
sustainability, hydrotalcite, PVC and hydrotalcite, nanocomposites and PVC 
nanocomposites. These topics cover all the literature that is pertinent to the 
thesis. Poly(vinyl chloride)or PVC is one of the most used plastics in the world 
and in the technology section topics such as the history and markets of PVC  will 
be discussed. More technical issues such as the degradation, gelation and 
stabilisation of the polymer will also be covered. A more detailed coverage of the 
degradation and thermal stabilisation mechanisms will be given in chapter 2.1 of 
the thesis. 
Plasticisers are not widely discussed because the final objective will be the 
incorporation of hydrotalcite particles into a rigid PVC formulation.  
In the PVC and sustainability section an outline of recycling and incineration of 
PVC will be given. Furthermore, this section will clarify the issues regarding PVC 
sustainability under the European legislation. 
A detailed review is given of the literature on hydrotalcite, especially on its 
synthesis, modification and applications. 
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2.1. PVC TECHNOLOGY 
 
2.1.1. HISTORY 
Poly(vinyl chloride) made its first appearance in 1835, but only 100 years later, in 
the early 1930s, was the polymer commercialised. The inventor of the plastic was 
a German scientist, Fritz Klatte, who accidentally discovered PVC. The invention 
was patented, but the patent expired. This allowed another scientist, Waldo 
Selmon (working for B.F. Goodrich), to develop independently the polymer. 
Initially, he was looking for a synthetic adhesive to stick rubber to metal and so 
decided to use a solvent at high temperature to remove chlorine in the PVC. 
During the experimental work, he obtained a very different result. The material 
was a flexible and elastic plastic; moreover, it was electrically and chemically 
inert. He decided to focus on the new material and tried to produce golf balls, 
screwdriver handles, and in the end, with success, a corrosion resistant gas tank. 
This time the invention had applications, and in the 1930s, the PVC products 
were on the market as shower curtains, cover for electric cables, gaskets, textiles 
etc…  
The properties of PVC such as low flammability, durability, insulation, moisture 
and chemical resistance were of fundamental importance in the success of the 
PVC industry, but in the beginning, it was not so easy due to the very low 
processing temperature and very poor thermal properties. Between the 1930s 
and 1960s, the numbers of plasticisers increased hugely and industrial 
processing improved because of this. In the 1930s, photo-polymerisation was 
abandoned giving way to emulsion and suspension polymerisations. Figure 2.1 
shows the first reaction involving acetylene and hydrochloric acid giving VCM 
(vinyl chloride monomer) and subsequently PVC.  
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Figure 2.1. Formation of PVC1. 
 
In recent times, the production of poly(vinyl chloride) has been optimised; 
furthermore, the toxicity extent of VCM has been minimised by improved safety 
procedures.  In Figure 2.2 can be seen the process of production of VCM, 
suspension PVC and emulsion PVC1.  
 
 
 
 
 
Among all the plastics materials poly(vinyl chloride) is one of the most used in 
building and construction. On the other hand, it is one of the most controversial 
since the toxicity of vinyl chloride was discovered in the ‘70s2. Also particular 
Figure 2.2. Different processes in the PVC industry1. 
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attention has been given to the migration of phthalates in children’s toys and 
other articles. As explained later by studies conducted on behalf of the European 
Commission no incontestable evidence has been found against PVC. There is 
still a debate about avoiding the use of certain additives and the use of PVC in 
some market sectors e.g. packaging. The social impact of PVC has been huge 
but indirectly poly(vinylchloride) has suffered discrimination2. This resulted in a 
drop in many sectors of the market (for example for packaging) even though the 
material is cheaper to produce or more effective in many applications. 
Concerning additives, action has already been taken: toxic lead stearate will be 
phased out and must be out of production by the year 2015.  
 
2.1.2. MARKET AND APPLICATION 
PVC is the second largest tonnage polymeric material in the world after 
polyethylene. Braun3 in 2000, stated that the overall consumption was over 25.7 
million tonnes (see Table 2.1). Looking more recently, the global production of 
the resin in 2005 is estimated at over 31 million tonnes, leading to an increase in 
the past 5 years. In 2007, the global production was 34 million tonnes.  
 
 
 
 
Major applications for rigid PVC are in building and construction, moulded parts 
and extruded sheet, and for flexible PVC in film, wire and cable, flooring and 
tubing (Figure 2.3). Moreover, PVC is a very long-lived plastic: even up to 80 
years.  Examples of the biggest world companies for PVC are as follows: 
 
Table 2.1. Consumption of plastics worldwide and increase compared with 1999 (Mt/year)3. 
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1. Formosa Plastics Corporation, U.S.A.  
2. Shin-etsu Polymer Corporation, Japan  
3. Solvay Group, Belgium  
4. Geon PoliOne, U.S.A.  
5. INEOS, UK, Germany and Italy.  
 
 
 
 
 
 
Construction  
Poly(vinyl chloride) is recognized as the “infrastructure plastic”. For example, 
more than half of the current production of PVC in the United States is focused 
on construction applications. It is possible to have an idea of the cost advantages 
of using the polymer for windows frame compared, for example, with wood and 
aluminium.  
Housing 
Pipes Sheet Wires 
Cards 
 
Figure 2.3. Different applications of PVC1. 
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Figure  2.4. PVC most cost-effective material. a) Total cost per new family home, b) Annual pipe breaks per 
100km4. 
 
 
It can be seen that PVC is a more cost effective material. If the concern might be 
on the durability of the material Figure 2.4 shows that in comparison with Cast 
Iron, the annual PVC pipe breaks per hundred kilometres is much lower.  
 
Automotive 
PVC is also used extensively in the automotive industry and gives a number of 
advantages. 
 
• Longer service life4: The average automobile lifetime is now 17 years, 
but was just 11.5 years in the ‘70s. PVC has contributed to this and gives 
lower energy consumption. 
• Noise reduction4: PVC gives sound absorbent properties to carpet 
backings, coatings and linings. 
• Cost / performance advantages4: the lighter material helps to 
reduce the fuel consumption.  
• Shock absorbing properties4: the soft dashboards help cushion 
impact during an accident. Moreover, anti-flame properties of PVC slow 
fire propagation. 
a) b) 
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Health Care 
The applications of PVC are numerous. Also, in health care the application are 
various from blood bags, tubing, seals, gloves, oxygen delivery tubing and many 
others5. Some advantages in properties are: 
 
• Versatility/Durability: the polymer can be used in a huge range of 
products making it a very versatile. 
• Sterisability: the material can be sterilised under radiation, ethylene 
oxide. 
• Compatibility: the material is compatible with pharmaceutical products 
and helps to keep the solution sterile, being resistant to water and 
chemicals. 
• Low Cost5: The production of PVC involves less use of fossil fuel 
compared to other plastics and it is a low cost polymer. 
 
Electronics and Electric Applications 
Another sector where PVC is extensively used is in electrical and electronic 
goods. The material is mainly employed in electric cords, fibre optics, keyboards, 
refrigerators etc (Figure 2.5a). PVC copolymer is also present in the old vinyl 
discs that now are mainly used by professional DJs (Figure 2.5b). The most 
important properties and reasons for the employing of the plastic are very similar 
to the other products. Particular advantages of PVC are as follows. 
 
• Superior Fire Performance5: PVC burns very slowly and can prevent 
fire spreading.  
 
• Durability: PVC is resistant to chemicals, abrasion, corrosion, UV, 
extreme temperature etc.  
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Figure 2.5. Other two examples of PVC applications. a) electrical applications, b) DJ vinyls. 
 
Poly(vinyl chloride) is still present in many other applications but the most 
important are described above5-8.  
 
2.1.3. THERMAL DECOMPOSITION 
Poly(vinyl chloride) has a lack of tolerance to electromagnetic radiation from low 
to high energy, particularly to electron beams and heat. This problem is treated 
exhaustively in the literature, but the mechanism of degradation is not completely 
understood9-21.  
 
2.1.3.1 DEGRADATION BY HEAT 
When PVC is heated, a process of autocatalytic dehydrochlorination starts from 
the weaker bonds of the polymeric chain9-11. Those bonds are usually branches 
on the backbone, chloroallylic groups, peroxide residues, groups with oxygen and 
head to head links. Usually, the last are mainly responsible for the degradation at 
lower temperature; even if the weight loss is still very low, the change in colour is 
easily visible. This is caused by the formation of polyenes and their absorption in 
the UV-Vis range. In fact some articles related to the assessment of degradation 
are based on this mechanism12. The unsaturated organic compounds usually 
fluoresce strongly due to their π-electrons (less bound than σ-electrons), being 
promoted to π* antibonding orbitals by absorption of radiation of fairly low energy 
and without any disruption to the bonding12.  
a) b) 
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During the heating process, under inert conditions, there are two recognisable 
stages13, 14, the first where the broken bonds are the C-C, C-H, C-Cl (see the 
table below for the various bond energies).  
It can be seen from Table 2.2 the weaker bonds are the C-Cl (the chlorine is held 
with less force than the hydrogen). Consequently, it is the first bond to be broken. 
The next step is the release of hydrochloric acid and introduction in the system of 
conjugated bonds (polyenes). The mechanism is expected to be radical or 
ionic/quasi ionic. Starnes16, 17 pointed out that dehydrochlorination begins 
primarily at thermally labile defect sites. They start the growth of conjugated 
polyenes in a process that is either ionic or quasi ionic, but certainly does not 
involve free radicals. When the concentrations of HCl and polyenes have 
reached a certain level, these products react to form polyenyl cation radicals that 
lead to autocatalysis as shown in Figure 2.616. 
 
Bond Bond Energy (kJ/mol) Temperature (°C) 
C-Cl 339-352 370-380 
C-C 330-370 400 
C-H 390-436 > 500 
 
Table 2.2. Carbon bond energies in PVC with relative breaking temperature15. 
 
 
Figure 2.6. Radical reaction initiated by heat. 
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Now many researchers support the theory that the formation of the polyene 
chains involves ionic pairs, or transition states with four strong polarised centres. 
See Figure 2.7 for the reaction scheme16, 17.  
 
Figure 2.7. PVC degradation with ionic mechanism16,17. 
 
Whatever the reaction, either radical or ionic or quasi ionic, a new conjugated 
bond will be introduced in the backbone. The attack of the Cl• radical is random 
on the chain so the system at the end of the process will contain random C=C 
double bonds, but also with a portion of chain that did not eliminate HCl.  Fisch18 
has proposed another mechanism with 6 centres (Figure 2.8).  
 
 
Figure 2.8. Fischer’s proposed reaction scheme18. 
 
This mechanism is not very credible and seems to have been refuted in various 
papers16. The most reliable mechanism is the ionic one16, 17 and it is well known 
that HCl formed is a strong catalyst for the dehydrochlorination process. This is, 
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for instance, the reason why during thermal stability testing the samples should 
stay at a reasonable distance apart and be covered with aluminium foil.  
The second stage in the heating process is the scission of the C-C bonds next to 
the conjugated bonds forming cyclic compounds, reticulation and in the end 
carbonaceous products.  
The thermal stability of PVC can be improved in two ways. The first is more 
difficult and involves the polymerisation process in which the resulting product 
would have the least possible number of defects in the chain. The second 
involves the use of additives that eliminate the initially formed HCl; i.e. various 
heat stabilizers such as the stearates (Ca/Zn stearate) or a secondary stabilizer 
such as hydrotalcite that should trap HCl in the structure after an ion exchange 
reaction (Figures. 2.9 and 2.10). 
 
 
 
Figure 2.9. Typical stearate molecule. 
 
 
 
Figure 2.10. Hydrotalcite mechanism of the exchange reaction. 
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2.1.3.2 DEGRADATION BY LIGHT  
The structure of PVC should not be susceptible to sunlight because the structure 
of the material is made of single bonds, but the presence of defect sites 
(conjugated bonds, carbonyl groups and hydroperoxides) allows absorption in the 
range of the UV-visible spectrum. This is easily verified when the material is 
exposed to sunlight, when the material becomes fragile and the colour changes 
from white to intense brown19. 
 
 
 
 
As can be seen in Figure 2.11, the interaction of light with an imperfection on the 
polymer backbone can lead to the scission of a C-Cl bond and consequently 
formation of HCl and a conjugated bond20-22. The mechanism is very similar to 
degradation by heat, but differs in the first step. To control the extent of 
photodegradation in the PVC formulation, the most common additive used is 
titanium dioxide23. As a white pigment, it is used for its efficiency in scattering 
visible light and imparting whiteness, brightness, and high opacity when 
incorporated into a plastic formulation. Moreover, the ability of titanium dioxide to 
absorb UV light energy can provide significant improvement in the weatherability 
and durability of polymer products. Those are the reasons why the use of TiO2 is 
established in applications such as PVC window profiles, agricultural films etc. 
On the other hand, as Martin et al.23 reviewed, the use of titanium dioxide might 
h
ν 
Figure 2.11. Degradation by light14. 
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lead to an increase in degradation because TiO2 can be excited by UV irradiation 
(<380 nm) generating electron hole pairs, which have important redox properties 
that can result in degradative attack on the polymer23.  
Additionally, photodegradation of PVC yields mineral oxidation products such as 
CO2 and potentially, HCl. In the latter case, the use of additives able to stop the 
dehydrochlorination is suggested. Another way to avoid the photodegradation is 
to obtain a material with as few chromophore groups as possible, but this would 
mean having a very low number of defects in the chains, which is not always 
easily achievable.  
In conclusion, it is possible to prevent the photodegradation of PVC, but at the 
same time it is important to use a product, for instance, hydrotalcite, that stops 
dehydrochlorination (by ion exchange as explained above) avoiding its catalytic 
effect and the proliferation of polyene sequences in the polymer backbone.  
 
2.1.4 HEAT STABILISERS 
The use of unformulated PVC resin would not be efficient because of the above-
mentioned problem of degradation. PVC uses a large number of additives for 
each different application or type of processing. The additives can be mainly 
separated into four classes: thermal stabilisers, fillers, impact modifiers and 
lubricants. The degradation of PVC leads manufacturing companies to use 
substances able to improve the thermal stability of the polymer. Heat stabilisers 
are used at low concentration because of the large effect they have. They should: 
1) be compatible with PVC, 2) Not interfere with the colour of the finished 
product, 3) be non-volatile.  
There are many types of stabilisers, but the more common are listed below. 
 
 Fatty acid metal salts  
 Organo-tin compounds 
 Epoxy stabilizers 
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2.1.4.1 FATTY ACID SALTS OF METALS 
As shown in Figure 2.12, the unzipping reaction leads to degradation of the 
polymer and subsequently discolouration of the product. A combination of mixed 
metal salts can improve the thermal stabilization. For many years, the most used 
stabilizer was lead stearate, but its current phasing out is pushing the PVC 
industry toward new compounds2. The mechanism involves synergism between 
two metal soap stabilizers: the primary stabilizers (i.e. Zn soap) displace labile 
chlorines with soap ligand.  
 
 
 
Figure 2.12. PVC unzipping reaction. 
 
Unfortunately, the by-product is a metal chloride  which is a very strong Lewis 
acid. The accumulation of the metal chloride leads to dehydrohalogenation and 
degradation of PVC. The secondary stabilizers (i.e. calcium soap) react with the 
by-product of the primary stabilizer, regenerating the metal soap. The by-product 
of this reaction is barium chloride or calcium chloride, which are not Lewis acids 
and so are inactive. The principles of this mechanism are due to the character of 
the elements chosen as stabilizers. Elements with ionic character give a trend as 
shown by the black line in Figure 2.13, while covalent character are shown by the 
red line (Figure 2.13). Alkaline earth and transition metals conform to the above 
explanation.  
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Figure 2.13. Synergism between stabilisers25. 
 
Furthermore, it is also connected with the definition of a Lewis acid: this is an 
acceptor of electron pairs, while Lewis bases donate electron pairs. Generally, to 
identify a Lewis acid it is necessary to look at species with empty orbitals able to 
host free electrons pairs. The Lewis bases have electron pairs not shared and 
available for sharing with other species. The literature and more examples of the 
synergism between metal salts species are given below. 
An interesting example of improving time of discolouration is presented by 
Jenning et al.24. It is shown that there is synergism between an alkaline earth and 
a covalent metal fatty acid. This example showed that for covalent metal 
carboxylate compounds, the thermal stabilization was very poor in the case of Zn 
or Cd soaps; while using the combination of Ca/Zn or Ba/Cd the results were 
extremely good as shown in Figure 2.1325.  
Frye and Horst26,27 developed this mechanism. They used infrared and 
radioactive tracer techniques and discovered that the more stable carboxylate 
groups prevented dehydrochlorination replacing the labile chlorine on the 
backbone of the polymer. The problems arose when just a covalent metal 
carboxylate was used on its own, because during the esterification reaction a 
covalent metal chloride is produced leading to further degradation. The 
synergism between the covalent metal stearates and alkaline earth stearates can 
be represented by the following reaction scheme (Figure 2.14). 
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Figure 2.14. Mechanism of PVC stabilization by Ca/Zn stabilizers25. 
 
After the esterification process, the covalent metal chloride is produced and there 
is substitution of labile chlorine atom with a carboxylate. The calcium soap is 
involved in an ester exchange reaction with the covalent metal chlorides 
regenerating the carboxylate28. 
Understanding the synergism between alkaline earth and covalent metal 
stearates is very important because they appear to be the natural replacement 
for the efficient but very toxic lead stearates. Another important factor is the ratio 
of Ca:Zn (by weight) inside the material. Ocskay24 in 1971 pointed out that for 
initial colour application the best ratio was 2:3, but 4:1 was useful for longer life 
applications. After that Abbås et al.28, claimed better dynamic and static heat 
stability increasing with the Ca stearate content. Thomas25 reviewed the literature 
for Ca/Zn stabilisers and noted that for rigid applications, e.g. pressure pipes, the 
amount of stabiliser should be kept low and in closely regulated ratios such as 
1:4 and 4:1 by weight. More recently, Balkose et al.29, aimed to find the optimum 
Ca:Zn soap ratio for PVC stabilization; using UV spectroscopic and ion migration 
analysis. They reported synergism with a ratio of 4:1 coincident with the previous 
work of Abbås and Ocskay28,30. 
 
2.1.4.2 ORGANO-TIN COMPOUNDS 
The organo tin compounds present more disadvantages than Ca/Zn stabilisers. 
The latter are more expensive and less efficient (compared with lead stearate 
and organo-tin). About the former, we can note that Butyl Sn is toxic. In general, 
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they are more expensive, have a strong odour and are liquid and corrosive. On 
the other hand, there are so many compounds that not all are harmful and some 
have a very good stabilising effect.  
Organotin can be separated into two groups: tin mercaptides (Sn-S bonds) and 
tin carboxylates (Sn-O bonds). The tin-sulphur based stabilisers are very 
efficient, with a low dosage in PVC formulations31. The major issue is their poor 
weatherability and so they cannot be used in a large portion of the market, 
especially applications involving exposure to UV radiation (Sn-S bond is reactive 
under UV)31. On the other hand, the tin-carboxylates have very good 
weatherability, but some problems occur during the processing such as sticking 
to the equipment or releasing irritant lacrymatory maleic esters (maleate-based 
materials)31.   
Two examples of the stabilising effect, using dioctyltinbisisooctylthioglycollate are 
represented in the Figures 2.15 and 2.16:  
 
 
 
Figure 2.15. Stabilizing effect of the dioctyltinbisisooctyl thioglycollate32. 
 
 
 
 
Figure 2.16. Stabilizing effect of the dioctyltinbisisooctyl thioglycollate32. 
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This particular compound prevents dehydrochlorination, substituting the labile 
chlorine atoms on the chain with the sulphur atoms (Figure 2.15). Another 
mechanism begins when there is HCl due to degradation (Figure 2.16). It can be 
seen that the chlorine atoms of the HCl substitute for the sulphur on the soap 
leading to formation of sulphur compounds32. The interaction between Sn and C 
is very important because a further substitution of Cl on the Sn compound might 
lead to formation of a Lewis acid such as SnCl3 or SnCl4 that can increase the 
dehydrochlorination rate32.  
Cuilleret et al.31, from Atochem, developed a new generation of stabilisers, 
avoiding sulphur-based materials and increasing the outdoor applications. 
Moreover, even using a maleate-based material, the oligomeric structure and 
high molecular weight do not allow the releasing of maleic esters during 
processing stages. They also claimed a safe use of the material in combination 
with lead stabilisers without risk of cross staining phenomena (contamination with 
lead sulphide). The overall properties have been improved compared with tin 
mercaptides: weatherability, odour, handling and Vicat softening point.  
 
2.1.4.3 EPOXY COMPOUNDS  
Another type of stabilizer is epoxy compounds. Owen et al.19, noted that a typical 
example is epoxidised soya bean oil. The epoxy compounds are usually used as 
co-stabilizers for Zn and Ca stearate. The mechanism involves the reaction of the 
material with PVC. According to Owen, the epoxy compound grafts on the 
polymer chain delaying the onset of blackening and the crosslinking stage. 
Furthermore, it seems that interacting with ZnCl2 stops the degradative reaction 
of the Lewis acid. Owen19 reported that it could react with allylic chlorine to form 
allylic chloroethers, so preventing or delaying the degradation. Titow33 noted that 
the limitation for epoxy compounds could be that they suffer microbiological 
attack and furthermore, it is possible to encounter exudation with the formation of 
tacky surface deposits. 
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2.1.5 GELATION 
Poly(vinyl chloride), as explained in an earlier section is obtained by different 
kinds of polymerisation reaction, and is produced as powder. The morphology of 
PVC is shown the following picture (Figure 2.17). 
 
 
Figure 2.17. Schematic representation of the inner structure of PVC. 
 
The main grains of PVC have sizes from 100 to 200 microns. A further 
investigation of the grains, cutting them in half, revealed that they contain an 
inner structure composed of primary particles of around 1 micron. These particles 
contain even smaller microdomains with size between 10 – 30nm, called fine 
structure34.  
 
Degree of Gelation 
Following Potente et al.35, the degree of gelation represents the percentage of 
the maximum degree of melting reached during the process. 
 
 
 
It is clear, looking at the boundaries above, that the 0% represents a completely 
unfused material, whilst 100% is a completely fused one. Degree of gelation is 
important for understanding the behaviour of the material in the processing 
phase, the relation with other additives, the correlation with mechanical 
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properties (i.e. impact strength) and a better knowledge of the crystallization 
mechanism. 
The assessment of the level of gelation has been done in many ways in the last 
30 year. Covas et al.36, use capillary rheometry in combination with DSC 
(differential scanning calorimetry) giving rise to Equation 2.1. 
 
 
 
Equation 2.1. Degree of Gelation 
 
Where:  
Vs is the endothermic energy ΔHA or capillary pressure drop of the sample, 
Vmax is the maximum endothermic energy or capillary pressure drop observed, 
Vmin is the endothermic energy or the pressure drop for the raw powder. 
 
They noticed that, not only did the temperature have an important effect on the 
gelation, but also the shear was quite considerable. In fact, an increase in the die 
resistance or screw speed produced an effect on the level of fusion. The use of 
DSC is common for the evaluation of G35-42 and the equation above is usually 
represented as Equation 2.2 (see also figure 2.18): 
 
 
 
 
  
Where:  
ΔHa is the value of the endotherm of peak A. 
ΔHb is the value of the endotherm of peak B. 
Equation 2.2 Degree of Gelation. 
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Figure 2.18. Example of a DSC curve for PVC showing  the two peaks. 
Gilbert et al.37 showed that the energy peak A increased with processing 
temperature (i.e. degree of fusion increased with processing temperature). On 
the other hand, the energy peak B decreased with increasing processing 
temperature because more primary crystallites were destroyed. Teh et al.38 
obtained similar results, and they also tried with aged samples before and after 
annealing, discovering that in many cases the thermal treatment could erase the 
thermal history (Figure 2.18).  
 
            
 
 
 
Moreover, Teh et al.38 described Tc as the characteristic temperature falling 
between the two endothermic peaks and very similar to an annealing or 
processing temperature. They thought it reflected the perfection of the crystallites 
formed at room temperature after the annealing treatment melted out the pre-
existing crystalline structure. The concept of crystalline structure is interesting 
and can be investigated by DSC. In fact, Teh et al.38, made the assumption that 
higher melting crystallites were probably of a lamellar type. While the lower 
melting crystallites were fringed micelle, types produced by heat and shearing 
forces during processing. In Figure 2.18 and in agreement with Gilbert37, the 
endotherm A (the lower temperature one in the DSC) measures secondary 
crystallinity, thus forming interparticle ties during the processing phase.  
ΔHA 
ΔHB 
                                                                                                            Chapter 2 - Literature Review 
[25] 
 
2.1.6 LUBRICANTS 
Poly(vinyl chloride) is a polar polymer because there is formation of a permanent 
dipole moment. This mechanism involves the attraction between the chains in the 
material. In the processing stage, to avoid this process and reduce friction in the 
polymer, a lubricant is needed.  
The additive lies between the chains to decrease the attraction forces; in fact, the 
high negative charge of chlorine atoms attracts the small hydrogen on another 
chain. Moreover, the higher the polarity of the lubricants, the less the viscosity in 
the material. During processing, these additives allow the chains to flow better, 
decreasing friction and allowing a better heat distribution in the polymer. The 
classification of the lubricants is mainly between “internal” and “external”. The 
difference should depend on the polarity (and then compatibility) of the additive.  
The “internal” lubricant is the material with good polarity, soluble in PVC and 
useful to reduce melt viscosity, i.e. stearic acid, some waxes, fatty acids esters43. 
On the other hand, an “external” lubricant is not compatible with PVC because of 
its lower polarity. Furthermore, they migrate to the surface of the polymer, 
decreasing the contact surface between melt and polymer. Summers at al.43, 
reviewing the lubrication mechanism, pointed out that prior findings of Hartitz43 
and later of Rabinovitch44, lead to abandoning the common use of “internal” and 
“external”. The reason was a synergism between different categories of 
lubricants reflected in delaying PVC fusion, lowering the Tg, affecting extruder 
amperage and so on. The new classification treated lubricants as surfactants and 
slip agents. He reported a scheme (see Figure 2.19) by Rabinovitch44, describing 
the interaction of paraffin wax and calcium stearate with PVC particles. The polar 
head of the surfactant interacts both with the metal walls of the instrument and 
polymer particles; and, the non-polar tails attract the wax. Summers43 performed 
experiments using a Brabender at different temperatures and a concentration of 
1phr for both stearate and wax, at 177°C. He postulated that the polymer chains 
entangled through the lubricant boundary layer of the surfactant and slip agent, 
which is the reason for the delay in fusion. 
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Figure 2.19. Mechanism of lubrication43. 
 
 
                  
 
Figure 2.20 a) Lubricant balls, acting as defects in the matrix b) Uniform dispersion of calcium 
stearate on the PVC43. 
 
The problem with this behaviour is the tendency to melt fracture43. Due to 
increasing temperature, the mobility of the PVC chains increases and can 
entangle through the lubricant layer.   While at this temperature, the dispersion of 
the calcium stearate is homogeneous on the PVC particles. At 201°C, 
Summers43 pointed out that the PVC was the continuous phase and not the 
stearate.  
a) b) 
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PVC molecular entanglement through the lubricant layer was called “lubricant 
inversion”, where the lubricants act as defects in the matrix.  
Summers43 concluded that it is common practice to extrude PVC even at higher 
temperature and with lubricants inverted to the discontinuous phase (Figure 
2.20a), but in this case the PVC molecules are very mobile, implying reduced 
viscosity, shear stress and a tendency to melt fracture. Fig. 2.20b shows a 
uniform dispersion of the stearate on the PVC matrix. 
 
2.1.7. PLASTICISERS 
The aim of using a plasticiser is to make the material more flexible. The 
substance introduced is compatible with the polymer and will enter between the 
molecular chains (Figure 2.21). These molecular species can be a high boiling 
liquid, such as phthalates. The lowering of the glass transition temperature (Tg) 
results from the addition44.  
 
 
 
 
 
 
 
 
 
 
 
The name phthalate derives from phthalic acid. Phthlates show a low water 
solubility, high oil solubility, and low volatility. Poly(vinyl chloride) has a Tg of 
about 354 K (80 to 85 °C), but with addition of 30/40 mass percent of plasticizer it 
decreases to about 270 K. This leads to a better processability, plasticized 
Figure 2.21. On the left, the chains packed without plasticizer. On the right, the plasticizer between the polymer 
chains allows to slide easier increasing the flexibility. 
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Figure 2.22. Examples of Different plasticisers. 
Figure 2.23. Plasticizer consumption in 20055. 
products include tubes, pipes, sheet and films. Some examples of the most 
common phthalates are given in Figure 2.22 and their consumption in 2005 is 
shown in Figure 2.23.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Di-isononyl phthalate (DINP) 
Di-n-butyl phthalate (DBP) Di-isodecyl phthalate (DIDP) 
Benzylbutyl phthalate (BBP) Di-2-ethylhexyl phthalate (DEHP) 
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DINP – Di-Isononyl phthalate46,47 
DINP is very similar to DIDP, the difference is that the side chains contain 9 
carbon atoms in the case of the former, and 10 carbon atoms in the case of the 
latter. Among all the plasticizers, di-isononyl phthalate, is one of the most 
commonly used; 95 per cent of which is used in PVC applications46. More than 
half of the DINP used in non-PVC applications involves polymer related-uses 
(e.g. rubbers). The remaining product is used in inks and pigments, adhesives, 
sealants, paints, lacquers and lubricants. DINP is produced by esterification of 
phthalic anhydride with isononyl alcohol in a closed system.  Elevated 
temperatures (140-250 °C) and catalyst increase the reaction rate. Following 
virtually complete esterification, excess alcohol is removed under reduced 
pressure and the product is then neutralised, water washed and filtered. DINP 
was one of the phthalates assessed as a potential health and environmental risk, 
but in the Official Journal on 13 of April, 2006, the assessment was positive and 
no consumer risk has been found in any current application48. 
 
DIDP- Di-Isodecyl Phthalate 
Di-isodecyl phthalate (DIDP) is a mixture of isomers, which have two carbon 
chains that can be 9 to 11 carbons long, with the largest portion having 10 carbon 
atoms in the side chains. DIDP is a viscous, oily liquid that is soluble in fat and 
not very soluble in water. As in the case of DINP almost all the production is for 
PVC goods. Following EU legislation48, this phthalate has been found risk free for 
the environment and can be used in all applications, except toys and childcare 
articles “that can be put in the mouth”. 
 
DEHP - Di-2-ethylhexyl phthalate  
This phthalate is also known as di-octyl phthalate (DOP). Its production in the 
Western World accounts for 30% of the global market.  
The EU Commission has set up that the risks have only seen for theoretical 
evaluation using default emission levels from hypothetical plants. No risks when 
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using real emission data, which are 1000 times lower. However, DBP, BBP and 
DEHP are banned in all toys and childcare articles48. 
 
DBP - Di-n-butyl phthalate 
Di-n-butyl phthalate (DBP), also known as dibutyl phthalate, is a specialist 
plasticiser often used in combination with other high molecular weight phthalates. 
DBP is used extensively in the adhesives industry to plasticize polyvinyl acetate 
(PVA) emulsions. The low viscosity and compatibility of DBP make it ideally 
suited for PVA-based adhesives for bonding cellulosic materials. Depending on 
the amount of plasticizer used, the handling and application properties of PVA 
adhesive can be varied greatly. DBP is an excellent solvent for many oil-soluble 
dyes, insecticides, peroxides and other organic compounds. It is used as an anti-
foam agent and as a fibre lubricant in textile manufacturing46. 
The debate between environmental associations and PVC producers is still an 
intense argument, but after more than ten years of research on the migration of 
phthalates and possible toxicity, most of them have not been found harmful. In 
the Official Journal on 13 of April 200648, no consumer health risk has been 
found for DBP, just theoretical risks for children with toys using DIDP and finally, 
no risks in any current use of DINP. Anyway, using DBP, the possible risks are 
for the vegetation near the production plant48.  
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2.2 PVC SUSTAINABILITY & RECYCLING 
 
2.2.1 SUSTAINABILITY 
Sustainability of PVC has been an issue in the last decade; Greenpeace and 
other environmental associations have questioned1 many of the PVC products 
on the market. The presence of dioxins was found in landfill or in the proximity 
of PVC manufacturing industries49. Incineration of PVC waste could release 
chloro-compounds when the combustion temperature was set relatively low. 
The formation of dioxins is favoured by low temperature. Therefore, 
combustion processes can lead to chloro-compounds. Hence, incinerators 
need to be set at elevated temperatures50,51.  
A major concern has been focused on the use of phthalates, widely used as 
plasticizers. The claim regarded the possible migration of these molecules 
through the material and relative absorption in the human body. The 
consequences could have been infertility1. Leadbitter49 in his review on PVC 
and sustainability noted that the research conducted mainly in the mid ‘90s 
was not very reliable. Some PVC products were facing a phase out and 
recently industrial giants such as Nokia and Microsoft declared themselves 
“PVC-free”. The impact on society and consequently on the retailers was large 
and many sectors (where PVC was well established) suffered and PVC 
products have been replaced. After more than ten years, the production of 
PVC has not dropped as expected. Even if some sectors such as packaging 
have lost ground, others such as building applications have increased.  
Following the review by Leadbitter49, new actions by the PVC industry and 
focus on sustainability are in progress. Under the auspices of Vinyl 2010 there 
has been a 10 years programme carried out by the European Industry. The 
ECVM  (European Council of Vinyl Manufacturers) has been responsible for 
the time management. The key action for Vinyl 2010 has been the following49. 
 
• Control of PVC production and emissions in conformity with ECVM 
charters. 
• 2001 full phase out of cadium stabilisers. 2015 as deadline to replace 
lead stabilisers.  
• 2010 as deadline for recycling 200,000 tonnes of PVC wastes. 
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• R&D programmes on feedstock and solvent-based recycling. 
• Social charter to develop social dialogue, training, health, safety and 
environmental standards 
• Partnership with local authorities for promotion of best practices and 
recycling pilot schemes at local level. 
 
These actions should help the development of new technology, especially on 
recycling, remove environmentally unfriendly additives and obtain a more 
sustainable polymer. An important aspect to consider is also the perception 
that people have about PVC and its products, so a social campaign is 
required after many years of partial information.  
 
2.2.2 RECYCLING AND INCINERATION 
In the last 20 years, the production and recycling of plastic materials have 
overtaken other materials such as iron and steel. Concern started because 
many plastics have been placed in landfill or are incinerated. Obviously, these 
two options cannot be long-term choices; landfill uses a lot of space and cities 
all around the world are expanding. Moreover, many concerns have been 
raised about the pollution derived by degradation of plastics inside landfill. 
Incineration can be a solution using energy recovering, but the concerns 
about pollution are stronger here than everywhere else. If the installation is 
not controlled, or getting old (especially in developing countries), the release 
of toxic compounds in the atmosphere might be high. The nightmare of 
“contributing to the greenhouse effect” is everywhere; even if recycling can be 
realized, it does not mean stopping the heating up of the planet. As 
incineration, recycling should be done recovering energy, gases and oils, 
waxes and so on. In Germany, many plants have been built to burn waste of 
every type and to convert it to electrical energy. Waste has been sold by other 
European countries to get rid of it. The problem encountered with polymers is 
the usefulness of the final product, or products, toxic emissions and the 
consumption of energy during recycling. Considering a polymer such as PVC, 
many fears arise with the releasing of dioxin (see Figure 2.24) into the 
environment during incineration49. Furthermore, another practical problem 
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might be the release of HCl during degradation and the subsequent corrosion 
of the installation. In this chapter, a brief review of some recycling techniques 
for PVC is given. 
 
Figure 2.24. 2,3,7,8-Tetrachlorodibenzo-p-dioxin. One of the most poisonous compounds50. 
 
Yamamoto et al.52 used the gasification method to incinerate municipal waste 
including PVC. The method using a shaft type furnace that produces a dioxin-
free gas that could be used for gas engines or turbines. Moreover, a slag is 
produced and it is heavy metal-free and so is perfectly suitable for road beds.  
 
 
 
 
 
 
 
The dioxin-free gas is produced using a reduction atmosphere at 
temperatures higher than 1343 K. Subsequently, the gas is quenched at 443 
Figure 2.25. Top, dioxin concentration after reduction atmosphere. Bottom, the Sumimoto Metals 
gasification and smelting system52. 
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K by a mist spray-type gas quencher. Figure 2.25 shows the dioxin quantity 
vs. the chlorine content. On the right the basic concepts of the process are 
shown. 
Yamamoto et al.52 noted that another important factor is using top-blowing 
oxygen (in combination with sideways lances to improve the combustion 
process). This produces a flux of oxygen in the top of the furnace that melts 
flying dust particles producing a layer on the inside wall. The rest of the dust 
particles are prevented from flying and shift toward the bottom of the 
chamber. This will produce a slag (Figure 2.26).  
 
 
 
Figure 2.26 Effect of the Top Blowing inside the furnace52. 
 
One of the main problems for PVC incineration is the release of HCl, which 
being corrosive might damage the equipment. The authors pointed out that 
the product gases are always kept at temperature above 413 K and moreover, 
slaked lime is injected to neutralise the chlorine gas. They used a mix of PVC 
plus refuse paper and plastic fuel in the experimental phase4. Some of the 
results are shown in Table 2.3 and 2.4.  
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Table 2.3. Experimental details52. 
 
 
 
 
 
 
Table. 2.4. Slag composition. On the bottom, heavy metals present in the slag52. 
 
Brebu et al.53 used a pyrolysis process, shown in Figure 2.27, to study the 
effect of PVC and/or PET on polymer mixtures containing brominated ABS. In 
Table 2.5 it is possible to see the yield of degradation products. The term 3P 
means a mixture of PP, PS and PE  
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Figure 2.27. Experimental equipment for Brebu et al.53. 
 
 
 
 
Table 2.5. Yield of degradation products53. 
 
The author53 noted that in the presence of PVC the production of oils was 
faster in the first 50 minutes and then decreased in the following 100. Brebu53 
pointed out that the effect of PVC is more effective on the formation of light 
compounds. Overall, the liquid content is decreased in the mixtures containing 
PVC, PET or both. In the presence of both the polymers, it can be seen from 
Figure 2.28, that the degradation was the fastest and finished the earliest. The 
author53 noted that the liquid production is the lowest and the gas reduction is 
the highest compared with the other mixtures.  
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Figure 2.28. Volume of liquid products vs. time of mixtures of plastics plus brominated ABS53. 
 
Brebu et al.53 showed the formation of N-compounds and Br-compounds 
during the process. They pointed out that mixtures containing PVC and PET 
have not been influencing the formation of this species, but when only PVC, 
or PET, is added then the concentration is raised. Especially PVC has been 
noted to be more effective in increasing the concentration of Br-compound. 
Brebu et al.53 stated that this confirmed the influence of PVC on the early 
stage of the degradation, while the formation of light aliphatic nitriles occurs 
late in the process and is controlled more by PET. Formations of heavy 
chlorine compounds are predominantly visible in mixture of ABS/PET/PVC 
while oxygen compounds are driven mostly by the presence of PVC in the 
mixture (Figures 2.29a and b). 
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Figure 2.29. Mixtures of polymers and influence on Cl and O compounds53. 
 
 
a) 
b) 
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2.3 HYDROTALCITE 
Hydrotalcite is a white mineral first discovered in Sweden in the year 1842 and 
referred to as Manasseite in honour of the Italian professor who was the first 
to recognize the structure and understand the importance of the carbonate 
interlayer ion54. The following is the accepted chemical formula: 
Mg6Al2(OH)16CO3.4H20. The element content is variable and usually Mg and 
Al can be substituted by other elements such as Ni, Fe, etc… Such materials 
are called hydrotalcites (Table 2.6). Cavani et al.54 made an exhaustive study 
of the hydrotalcite-like compounds and their properties. They also noted that 
the term Manasseite refers to one polymorph of hydrotalcite: the one with 
hexagonal symmetry.  
Altmann and Taylor54 were the two scientists who discarded Feitknecht’s 
hypothesis about the structure of the clay. The hypothetical structure can be 
seen in Figure 2.30. They were convinced about the position of the cation 
species being in the same layer as the guest species (the carbonate) as well 
the water between the sheets (interlayer). The small molecules of water can 
also be found in the intralayer position. 
 
 
Table. 2.6. Hydrotalcite-like compounds54. 
 
 
 
Figure 2.30. Hypothetical structure of the clay54. 
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It can be seen from Table 2.6, there are many types of hydrotalcite-like 
compounds. The main difference is the replacement of the cations in the 
sheets. After the synthesis, many studies were focused on replacing the guest 
species. In Figure 2.31, it is possible to see a schematic diagram of the 
hydrotalcite-like structure55. 
 
 
 
Figure 2.31. Structure of hydrotalcite55. 
 
In section 2.5.2, the nature of cationic clays (such as the Montmorillonite) is 
discussed; in particular its properties as a nano-filler. Anionic clays are less 
used for this purpose, but they have enormous potential due the ease of 
exchanging the anion species (that is the guest ion in this case). The thermal 
behaviour of hydrotalcite and subsequently its so-called memory effect, allow 
use of the clay to intercalate other anions in the interlayer. In short the 
memory effect (that will be explored later), is the ability to recover the 
structure of the clay after a thermal process (calcination, above 450°C)56,57. 
Calcination leads to mixed oxides. Adding this mixture to a solution with other 
species (other than carbonate) can allow rebuilding of the structure with a new 
guest species. Furthermore, Cavani54 listed the following four advantages and 
subsequent applications of the calcination process.  
 
1. High surface area 
2. Basic properties 
3. Mixtures of metals oxides of very small particle size. 
4. Memory effect 
Where: 
• Mg is divalent metal ion (such 
as, Ni2+, Zn2+ etc...) 
• Al is a trivalent metal ion (such 
as, Fe3+, Mn3+, etc…) 
• CO3 is anion with valency of n 
(such as, Cl-, or organic ion 
etc...) 
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Catalysis 
• Hydrogenation 
• Polymerization 
• Steam Reforming 
Catalysis Support 
• Ziegler Natta 
• CeO2 
 
Industry 
• Flame Retardant 
• Molecular Sieve 
• Ion Exchanger 
Medicine 
• Antiacid 
• Antipeptin 
• Stabilizer 
Adsorbent 
• Halogen Scavanger 
• PVC Stabilizer 
• Wastewater 
HYDROTALCITE 
The first three are used in applications such as heterogeneous catalysis 
(hydrogenation, reforming, basic catalysts and as support)54. The properties 1, 
2 and 4 are useful for the scavenging of chlorine ions and the purification of 
water-containing waste anions. In Figure 2.32 are summarized the 
applications for hydrotalcite. Among these is the use as a PVC stabilizer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.3.1 SYNTHESIS 
The synthesis of hydrotalcite is a well-known procedure dating back to the 
‘70s when Miyata et al.58,59 described the synthesis using different anionic 
species intercalated in the galleries. The procedure concerned the mixing of 
metal salt solutions (Al3+ = 0.25 mol/l, Mg2+ = 0.75 mol/l) either salts of nitrates 
or chlorides. Then, sodium hydroxide was added dropwise, keeping the pH 
equal to 10 following filtering, washing with water and drying at 70°C for 15 
hours. Miyata et al.58,59 also adopted another procedure involving aluminium 
and magnesium perchlorate, as well as chlorides and nitrates. In this case, 
500 ml of water was put into a 2.5 litre stainless steel reaction vessel and kept 
at 25°C while stirring. Then, different mixtures of the above-mentioned 
aluminium and magnesium salts were continuously added to the aqueous 
solution (2 mol/l) of sodium hydroxide at a total supply rate of about 80 ml/min 
Figure 2.32. Some applications in which Hydrotalcite is used54. 
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Figure 2.33. XRD pattern of synthesized hydrotalcite59.  
by using a feeder and maintaining the pH of the reaction solution at 10.0-10.2. 
A typical XRD pattern is shown in Figure 2.3359.  
 
 
 
 
 
 
 
 
 
 
 
 
Further work by Misra and Perrotta60 started from magnesia and aluminium 
liquors of different composition. Then the reagents were put in a polyethylene 
bottle constantly rotating inside a water bath at a temperature of 90-91°C. Ten 
grams of magnesia and 250ml of the respective aluminium liquors were used 
for a total process time of four hours. At the end, the compound obtained was 
filtered, washed (in distilled water) and dried overnight at 105°C. They also 
synthesized pillared (modified clay with a complex guest anion) hydrotalcites, 
which are simply clays that have undergone an anion replacement. The 
mechanism involved calcination of 300g of hydrotalcite sample at 500°C for 4 
hours, then stirring for 24h in the presence of 2500ml of 1 N solution of the 
appropriate salts, for example ((NH4)6Mo7O24·4H20, Na2Cr2O7·2H20, 
Na2SiO3·9H20). The chemical composition and the spacing of the interlayer 
were enhanced as shown by the data in Table 2.7. The distance between the 
layers is determined by the size of the guest anion. In fact, with molybdenum 
oxide it reached up to 1.04 nm; on the other hand, with silica it was similar to 
the normal hydrotalcite. They obtained a magnesium-aluminium ratio of the 
sample (Table 2.8) ranging from 3.26-4.86, which is quite different from the 
ratio of 6:2 of the mineral hydrotalcite. The XRD pattern of the modified 
material gave a shift, reflecting the interlayer increase mentioned above.  
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Table 2.7. Characteristics of the new materials compared with normal hydrotalcite60. 
 
 
 
Table 2.8. Composition of hydrotalcite for different experiment runs60. 
 
An alternative way to produce the clay was explained by Lopez et al.61. They 
used a sol-gel method starting from metal alkoxides and diketone precursors. 
Different amounts of the reagents gave a variable Mg/Al ratio. The clay 
synthesized showed different degrees of crystallisation with different metal 
ratios (see Figure 2.34a), higher with a ratio close to 6.6 (curve c) and lower 
with 13 (curve a). They found good agreement with the cell parameters a and 
c. Only a small difference was found with the latter, probably due to a different 
hydration degree. The author61 showed SEM images but the morphology and 
particle size are not clear.  
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Figure 2.34. a) XRD of synthetic hydrotalcite with different molar ratios. b) Synthetic hydrotalcite, 
differences in crystallisation changing the reaction temperature61. 
 
A subsequent article described a hydrothermal method employing magnesium 
chloride, aluminium chloride and urea62. The process involves hydrolysis of 
the latter reagent to form ammonium cyanate and ammonium carbonate. The 
authors noted that the hydrolysis rate increased by a factor of 200 on raising 
the temperature from 60°C to 100°C. The pH of the reaction was around nine, 
so was suitable to precipitate many metal salts. The article reported the exact 
procedure to produce the material. The process was previously shown to give 
crystals of uniform size and appropriate stochiometry. In short, urea is added 
to a solution of 0.5 mol/dm3 of metal salts, with ratio M(III)/(M(II)+M(III)) equal 
to 0.33, until the ratio of urea/(M(II)+M(III)) is equivalent to 3.3. Costantino et 
al.62 tested the process at a temperature from 60°C to 100°C and showed the 
difference in the degree of crystallisation. From the XRD spectrum (Figure 
2.34b), it is possible to appreciate the evolution of crystallisation (a<b<c<d), 
when the temperature of the process varies from 60°C to 100°C. This 
behaviour also depends on the time of the total reaction that, as the author 
showed, stretched from 36 hours at 100°C to 360 hours at the lowest 
temperature. The 90% of the particle size stays between 10 and 0.5 µm 
(Figure 2.35).  
a) b) 
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Figure 2.35. Particle size distribution of synthetic hydrotalcite62. 
 
The SEM image shows the classical hexagonal-shaped particle, but the 
image is not very clear, probably due to the very low conductivity of the 
material (see Figure 2.36).  
 
 
Figure 2.36. SEM image of the hexagonal particles of hydrotalcite62. 
 
Ogawa et al.63, have also used the urea method in further work, but the 
researchers changed the concentration of the metal salts and urea, using a 
ratio of Mg/Al/Urea equal to 4:1:10. Furthermore, they used the correlation of 
the temperature with the degree of crystallinity and the time of reaction. 
Consequently, an autoclave was employed for reactions at different 
temperatures between 100°C to 150°C for one day, saving 12 hours of 
reaction time. The peaks shown by the XRD pattern are evidence of the 
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hydrotalcite structure (see Figure 2.37). The sample with the molar ratio 
4:1:10 and treated with increasing temperature (100/120/150°C) proved a 
relationship between the temperature and the particle formation. In fact, 
Ogawa et al.63, reported decreasing average size with increasing temperature, 
precisely from 2.9µm at 100°C to 2.0µm at 150°C. The author noted that 
changing the concentration of the reagents to lower values and using a 
temperature of 150°C, the average particle size rose to a maximum value of 
14.5µm (see Figure 2.38). 
 
Figure 2.37. XRD pattern of Ogawa’s material63. 
 
 
 
Figure 2.38. Particle size distribution influenced by the temperature and concentration. a) sample 
treated at 100°C and b) 150°C63. 
 
a) 
b) 
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A good result was also obtained by Adachi et al64, who compared the method 
adopted by both Miyata65 and Costantino62. They proceeded with a different 
molar ratio and time of digestion as in the previous studies. Moreover, they 
also carried out the synthesis with a mixture of polar/organic solvents such as 
ethanol, ethylene glycol, propanol and isopropanol. A study of the evolution of 
the pH and crystal growth during the reaction in water suggested that the use 
of an organic medium could decrease the particle growth rate. The organic 
solvent was strongly adsorbed by the particles impeding the access of metal 
cations. In Figure 2.39 can be seen the development of the crystal growth with 
time; aluminium is present as alumina but while the reaction is progressing 
the metals ratio increases until the LDH (layer double hydroxide) structure is 
formed.  
 
 
Figure 2.39. Crystal growth vs. time64. 
 
Figure 2.40 shows the SEM image of hydrotalcite synthesised by the urea 
method with a percentage of ethylene glycol as solvent.  
The particles obtained are smaller when the concentration of the organic liquid 
is the same as that of water. In this case, it is hard to tell whether the material 
is a continuum or not (Figure 2.40). The author also provided the XRD 
spectrum of this material, but it shows no appreciable peaks of the clay. If the 
proportion of the water/organic solvent is adequate, they suggested that an 
inhibition process takes place.  
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Figure 2.40. Clay synthesized using ethylene glycol as solvent64. 
 
Essentially, also the work carried out by Rao et al66, is a development of the 
previous method using an autoclave to secure higher temperature and 
pressure up to 20atm in the sample reaction. They managed to produce the 
first hydrotalcite with a Mg/Al ratio equal to one. Rao et al66 pointed out also 
that changing the ratio of the metal cations, it is possible to discriminate 
between different phases in the clay such as bohemite and MgCO3.  
The explanation is still not clear, but the higher temperature and pressure 
might change the topochemical transformation. Furthermore, excess of Al and 
Mg in the system can cause side reactions in the presence of urea producing 
not only the clay but also other mineral phases. In Figure 2.41, it is possible to 
see the evolution of new peaks increasing the metal cations. On the contrary, 
also with a ratio such as 0.5, there is formation of a boehmite (aluminium 
oxide hydroxide) phase probably because in some way the particle growth 
was inhibited by the low level of Mg, thus forming more boehmite. 
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Figure 2.41. XRD pattern vs. the metal cations content66. 
 
 
2.3.2. MEMORY EFFECT  
A crucial mechanism involving hydrotalcite is the so-called “Memory Effect”: 
that is the property to recover its original structure after it has been thermally 
treated but before the formation of the spinel structure. The recovery of the 
structure takes place only on rehydrating the clay sample in water. 
 
Mg1-xAlx(OH)2(CO3)x/2.mH2O 
 
Mg1-xAlx(OH)2(CO3)x/2     x/2MgAl2O4+(1-3x/2)MgO 
 
 
It can be seen in Figure 2.42(a) and 2.42(b), that the hydrotalcite undergoes 
two thermal decomposition steps: the first step around 200-240°C regarding 
the loss of external surface and interlayer water, while the second involves the 
decomposition of the guest anion. The latter step depends on the composition 
of the clay, but generally starts after 300°C. In the case of carbonate as the 
Figure 2.42a. Thermal decomposition of hydrotalcite.  
25-225°C 
225-500°C 
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guest species, it is referred to as the dehydroxylation step56. The two steps 
are summarized in the reaction in Fig. 2.42(a). Once the spinel is formed, 
usually above 500°C, the structure of the hydrotalcite cannot be recovered57. 
 
Figure 2.42b. Decomposition steps of hydrotalcite. On the Y axis, % Weight57. 
 
In the early 1980’s, Myiata65 studied the regeneration, noticing the possible 
usefulness in applications such as catalysis and as a trap for harmful ions. 
Recently, the reconstruction effects have been studied by Stanimirova et al.67, 
calcining the hydrotalcite in the temperature range 300-500°C and then 
analyzing it with XRD and SEM. They concluded that the calcined material 
regenerates its structure through crystallisation in solution, but only the 
recovery of the original metal cation ratio has been found as evidence of the 
memory effect. Further work by Erikson et al.68, followed the reconstruction of 
the clay (previously synthesised by the urea method) using an environmental 
SEM. They also pointed out that the stronger XRD peak can be deconvoluted 
into three peaks, showing that different arrangements of the guest anion can 
affect the spacing (Figure 2.43). After the regeneration, only one anion 
arrangement was present, probably because of the relatively high 
temperature used for the synthesis (90°C) that allowed more arrangements. 
Erikson et al.15 also showed the XRD pattern of the calcined clay. The 
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characteristic peaks of the hydrotalcite are absent due to the amorphous 
character of the atomic mixtures generated by calcination. The environmental 
SEM showed the absorption of water in the material and it can be seen that a 
crystal of the calcined clay (Figure 2.44a) changed size after modification by 
pressure and temperature (to condense the water in the ESEM sample 
chamber, Figure 2.44b). This increase is due to partial reformation of the 
layers when in contact with water. 
 
 
Figure 2.43. The main peak of hydrotalcite before (HT) and after regeneration (R-HT)68. 
 
 
       
 
 
Figure 2.44. Enviromental SEM images of calcined clay (a) and after water absorption (b)68. 
 
a) b) 
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2.3.3. MODIFICATION OF HYDROTALCITE 
The modification of hydrotalcite has been carried out in various ways 
depending on the chemical structure of the guest species (from inorganic to 
organic anions). This report will describe modification with carboxylic acids 
that are important for some polymer applications, i.e. fillers. Carlino69 
reviewed the different methods of intercalating carboxylic acids into layered 
double hydroxide (LDH) or hydrotalcite. Among all the experimental 
procedures, the two most reliable were the co-precipitation and rehydration 
methods. The former concerned, as Carlino69 stated, the formation of LDH 
M(II)–M(III)–(OH) octahedral layers around the intercalating species in 
solution. It is more difficult to intercalate anions while the charge density 
increases or rather the Mg:Al atomic ratio diminishes due to electrostatic 
interactions between the Brucite-like layers and guest anions. A method 
adopted by Drezdzon et al.70 used the co-precipitation mechanism to 
intercalate terephthalate and other organic anions. Subsequently, enlarging of 
the hydrotalcite galleries (up to 2.63 nm with different organic anions) was 
observed. This increase allows the use of an acidification process to 
exchange smaller anions in the swollen clay (see Figure 2.45).  
 
 
Figure 2.45. Example of modification process70. 
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Drezdzon70 used the same molar fraction M(III)/M(II)+M(III) equal to 0.33 that 
was subsequently employed in the urea method of Costantino62. Then a 
solution of sodium hydroxide and terephthalic acid was added dropwise to the 
metal salt solution. This method obtained good results and seemed to be a 
valid alternative to the re-hydration process. The latter method used the 
above-mentioned memory effect1. Hence, an aqueous solution of carboxylic 
acid salt was added to the metal oxides remaining after the heat treatment. 
Usually the clay was first treated at a temperature around 450°C-500°C for 4-
5 hours in order to destroy the structure and obtain layered double oxides 
(LDO).  
Meyn et al.71, intercalating organic acid salts in different hydrotalcites, adopted 
a slightly different approach without starting from the relative oxide. The 
authors cited the process as anion exchange where 100mg of clay were 
added to 4-5 ml of organic solution for a period of two days at 65°C. They 
reported that the interlayer ions are easily exchanged with fatty acid anions, 
leading to an increase of the interlayer galleries up to 3.16 nm for 
nonadecanoic acid. The width of the galleries is related to the chain length of 
the organic anions introduced in the system. The spacing keeps increasing, 
but after a certain length of the chain (undecanoic acid) the increase is 
smaller71. Introducing dicarboxylic anion leads to similar results. Even the 
drying temperatures were found to affect the spacing, resulting in an XRD 
spectrum with an unexpected shape in the 001 direction. Meyn et al.71 stated 
that this phenomenon might be correlated with reduction of the structural 
order along the stacking direction (also for mild temperatures between 30-
65°C). This resulted in a drop in the intensity (see Figure 2.46).  
The work of Meyn et al.71 is very useful to explain and predict the orientation 
of the anions between the layers. Due to the small equivalent area the anions 
exchanged do not lie parallel to the layers but pointing away. An example is 
given (Figure 2.47) with dodecylbenzensulfonic anions where the disposition 
is perpendicular and the calculated “d” spacing is 2.69 nm. On drying the 
samples, whichever kind of anions are used to exchange, there is a loss of 
interlayer water that leads to a rearrangement of the anions and consequently 
changes in the “d” spacing. The authors71 noted that the “d” spacing of the 
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dried samples differs from that calculated with difference between 0.3 and 0.5 
nm depending on the sample.  
Carlino69 stated that the more complex structure of the monocarboxylate 
intercalated LDH, is probably due to the greater number of conformations of 
this anion compared with the dicarboxylate. The author referring to this work, 
noted that only one end of the molecule fixes to the Mg-Al-(OH)x layer, so the 
terminal methyl group can show a hydrophobic interaction with the protons of 
the layer. 
 
Figure 2.46. Influence of the drying on the intensity in the XRD pattern. The dotted line is the samples 
after drying step71. 
 
 
 
Figure 2.47. SDBS modified hydrotalcite71. 
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2.4 PVC/HYDROTALCITE NANOCOMPOSITES 
Hydrotalcite has been known for many decades as discussed above but 
applications with PVC are relatively new. The academic literature is relatively 
recent within the last 7 years. The use of hydrotalcite with PVC is to exchange 
the chloride ion with the carbonate ion. Van der Ven et al.72 have used an 
apparatus for the determination of chlorine absorption by the clay (see Figure 
2.48).  
 
 
Figure 2.48. Apparatus used by Van der Ven et al.72. 
 
The authors constantly monitored the pH of the solution in order to measure 
the change in acidity when the reaction between hydrotalcite and HCl was 
complete. They synthesised their clay by the Miyata process73 and claimed no 
difference with the commercial product ALCAMIZER 4. Unfortunately, they did 
not also try an absorption experiment with the commercial product as a good 
comparison. The data are summarised in table 2.9. 
 
Table 2.9. Data on hydrotalcite absorption of HCl72. 
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Van der Ven72 also monitored the XRD powder spectrum at various stages of 
the reaction (beginning, middle and the end). The result shows a change in 
the shape of the curves, especially in the first one where the profile of 
hydrotalcite plus chlorine, as the counterion, is recognisable. The author noted 
that in the later stage there is evidence of a destruction of the layers, due to 
the ongoing reaction and a possible a decrease in the particle size. At this 
stage, a drop in the intensity is clearly visible (Figure 2.49, scan 2). In the last 
stage, there is formation of metal hydroxychlorides. The author stated that the 
compound is not very hygroscopic. This point seems in contrast to our 
experience with hydrotalcite where the material is usually very susceptible to 
moisture in the air.  
 
 
Figure 2.49. XRD monitored during the reaction72. 
 
Van der Ven72 noted that the hydrotalcite can have different accessibility 
related to the structure. Furthermore, it is strongly related to the guest anion. 
This means that carbonate ions could be less easily removed by HCl, 
compared with bigger anions such as the stearate. Organic hydrotalcites with 
their high accessibility could lead to high exchangeable anion capacity. 
Another interesting point is the correlation that the authors showed between 
the type of counterion, HCl capacity and heat stability. They showed a clear 
proportionality between the two variables (Figure 2.50). Wang et al.74 
prepared hydrotalcite with a co-precipitation method and treated it with 
coupling agents such as titanate and silane. The authors explained the 
mechanism of thermal stabilisation exhibited by hydrotalcite, the electrostatic 
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effect produced by the negative chlorine cloud and the positive layer charge 
density of the clay. This could result in a decrease of the electronic cloud 
density on the chlorine atoms. In this way, the activity of the chloride would be 
reduced, decreasing the rate of degradation. Using the Congo Red test they 
deduced that the increase in stabilisation was lower from 5 wt% of 
hydrotalcite. The author commented the value for the LOI test of 28.7 (for 
concentration PVC/hydrotalcite 70/30) as good flame retardance. A value in 
this range for rigid PVC would be considered very bad75.  
 
 
Figure 2.50. Heat stability vs. HCl capacity72. 
 
Regarding mechanical properties, it is possible to note from Figure 2.51, that 
tensile testing showed a drop in the tensile strength and elongation. This 
behaviour was proportional to the concentration of hydrotalcite in the PVC, no 
matter if treated or untreated. 
 
Figure 2.51. Tensile strength vs. hydrotalcite content74. 
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Kalouskova et al.76 studied the synergism between lead stearate and 
hydrotalcite. They used coulometric titration and a continuous potentiometry 
method to assess the concentration of chloride ions liberated during 
degradation at 180°C. The former method measures chloride ions reacting 
with lead stearate (bonded). The latter for the chloride ions released from the 
sample (liberated). This article may be of limited interest because lead 
stearate will definitely be banned2 in the year 2015. The authors76 showed a 
graph of the concentration of chloride ion versus time. The results showed 
that the amount of chloride bonded on hydrotalcite is greater than that bonded 
on lead stearate (comparison between curves 6 and 5, respectively Figure 
2.52).  
 
 
Figure 2.52. Chlorine liberated and bonded vs. time76. 
 
Moreover, it can be seen from Fig. 2.53 that from strip 6 (corresponding to 
PVC doped hydrotalcite) that there is no stabilising effect but the clay just acts 
as an acceptor. The strips in Figure 2.53 correspond to: 1, no stabiliser; 2-5, 
different grades of PbSt2; 6, hydrotalcite; 7, combination of lead stearate and 
clay. The authors compared (Figure 2.52) the sample with hydrotalcite and 
stearate (curve 7) with the sample without stabiliser (curve 1) and with only 
hydrotalcite (curves 6). They noted that the ratio of formation of bonded 
chloride is lower with the combination of the primary and second stabilisers. 
The author concluded that the combination of lead stearate with hydrotalcite 
could give an efficient thermal stabilising effect.  
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Lin et al.77 produced a Mg-Al hydrotalcite by a co-precipitation method with 
different Mg/Al molar ratios (2, 2.5, 3, 3.5). They wanted to study the relation 
between molar ratio and efficiency in the thermal stability of PVC. It can be 
seen by their XRD spectra that no appreciable difference can be found in the 
pattern even with different ratios (Figure 2.54).  
 
 
 
 
 
 
 
 
 Figure 2.54. XRD patterns of different molar ratio hydrotalcite (2, 2.5, 3, 3.5 – a, b, c, d )
77. 
Figure 2.53. Thermal stability strips by Kalouskova76.  
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Table 2.10 collects the main XRD data from Fig. 2.54. There is a slight 
increase in d-spacing when the samples contain Mg/Al ratio from 2 to 3.5. 
Crystallite size decreases in both directions a and c.  
 
Table. 2.10. Lattice parameters of the previous XRD spctra77. 
 
Lin et al.77 calculated the lattice parameters (a and c) noting that the increase 
in parameter a was consistent with the increase in molar ratio (isomorphous 
substitution of Mg2+ with Al3+). The author noted an increase in lattice 
parameter c and pointed out that it is perfectly normal due to less coulombic 
attraction between the layers and the guest anion caused by the lower 
concentration of trivalent cations. In table 2.10 are the values found by the 
authors.  
Lin et al.77 also showed the thermal stability tests at 180°C: the mixtures were 
100g of PVC and 50g of DOP then various samples were prepared with only 
hydrotalcite, Ca/Zn stearate and Ca/Zn plus hydrotalcite (strips b,c,d in Figure 
2.55a). Subsequently they were compression moulded. The result can be 
seen in Figure 2.55a showing early degradation with no stabiliser at all (strip 
a) and longer stabilisation with the composite of Ca/Zn stearate plus 
hydrotalcite (strip d). The second one (Figure 2.55b) shows composites of 
PVC (100g PVC, 50g DOP), Ca/Zn stabiliser (2.3g Ca(St)2, 0.7g Zn(St)2) and 
hydrotalcite with increasing molar ratio (from 2 to 3.5, in steps of 0.5). It can 
be seen that the decomposition starts earlier and earlier with increasing Mg/Al 
ratios. Eventually they studied PVC formulations (same amount of PVC, DOP 
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and stearate) changing the amount of hydrotalcite (between 0 and 4phr, in 
steps of 1phr) but keeping constant the molar ratio (equal to 2) and the 
amount of Ca/Zn. The author pointed out that the stabilising effect increased 
with the amount of clay but only a slightly difference is appreciable after 2 phr, 
making it the right amount of clay (Figure 2.55c). 
 
          
 
 
Figure 2.55. Thermal stability test with different formulations of PVC and stabilizers77. a) strips with no 
stabilizers, hydrotalcite, Ca/Zn + hydrotalcite. b) strips with Ca/Zn, hydrotalcite of molar ratio from 2 to 
3.5. c) strips with hydrotalcite of constant molar ratio of 2. 
 
As mentioned in section 2.1.2 on the degradation of PVC, Martin et al.78 
studied whether hydrotalcite could diminish the photodegradative effect of 
TiO2. As the author noted, titanium dioxide can be excited by UV radiation and 
form electron pairs resulting in a degradative attack on the polymer. 
Consequently, the degradation of PVC can lead to the release of HCl and 
CO2, formation of polyene sequence and early discolouration. They used a 
UV lamp and monitored the evolution of CO2, produced by the 
photodegradation of the PVC. The rate of CO2 production is given in Figure 
2.56.  
 
a) b) c) 
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Figure 2.56. Evolution of CO2 vs. hydrotalcite content. The standard specimen contains only the 
pigment78. 
 
It can be seen that the values are compared with the standard sample, due to 
the excellent UV scattering power of TiO2 and because hydrotalcite functions 
as a chlorine acceptor. The authors concluded that hydrotalcite worked 
perfectly as a HCl scavanger and even if there is production of H2CO3, its 
acidity is not strong enough to activate the semiconducting behaviour of TiO2.  
Lin et al.79 studied the thermal stability of Mg/Zn/Al layer double hydroxides 
after they had intercalated the clay with maleic acid. They mixed metals salts 
and base solution in colloid mill and aged the mixtures for 6 hours. The 
synthesis of organic LDH was conducted by dissolving the clay in 
water/ethylene glycol, controlling the pH at 3-4 and eventually adding maleic 
acid in molar ratio n(C4H4O4)/n(CO32-) equal to four. The XRD spectra showed 
the patterns of MgAl-CO3-LDH, MgAlZn-CO3-LDH and MgAlZn-maleate-LDH. 
Lin et al.79 stated that intercalation with maleate was achieved. The difference 
in shape, intensity and broader peaks, meant lower crystallinity and smaller 
crystal dimension (Figure 2.57). The shift of the 003 diffraction peak was 
visible and corresponded to an inter-gallery space of 1.23nm versus the 
0.76nm of the non-modified clay. In the previous article, Lin et al.77 showed 
the stabilisation effect in relation to molar ratio of Mg/Al. In the present paper, 
the authors compared the thermal stability of the modified clay with MgAl-
CO3-LDH and MgZnAl-CO3-LDH, see Figure 2.58 (strips b,c,d; strip a as a 
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reference). Even if the effect on the PVC is good, the best stabilisation 
remained for the traditional hydrotalcites. The authors noted that a possible 
reason might be found in the bigger molar mass of the maleate-LDH, given 
the fact that the amount of loading was the same for every material; for this 
reason, fewer chloride ions have the chance to replace the maleate in the 
interlayer galleries. 
 
 
 
Figure 2.57. XRD pattern showing the shift of the 003 reflection for samples of MgAl-CO3-LDH (a), 
MgAlZn-CO3-LDH (b) and MgAlZn-maleate-LDH (c). It can be seen to shift to lower angle for the 
maleate-based sample79. 
 
 
 
Figure 2.58. Thermal stability of PVC-hydrotalcite. Strip d is PVC-maleate-hydrotalcite79. 
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2.5 NANOCOMPOSITES 
 
2.5.1. GENERAL 
The term nanocomposite is related to the more general term nanotechnology. 
Today the meaning of the word is quite different from what the Nobel Prize 
winner Richard Feynman envisioned in the late ‘50s. 
 
“I want to build a billion tiny factories, models of each other, which are 
manufacturing simultaneously. . . The principles of physics, as far as I 
can see, do not speak against the possibility of manoeuvring things 
atom by atom. It is not an attempt to violate any laws; it is something, in 
principle, that can be done; but in practice, it has not been done 
because we are too big.” 
 
Norio Taniguchi (Tokyo Science University) first defined the term 
Nanotechnology in 1974. 
 
“Nano-technology' mainly consists of the processing of separation, 
consolidation, and deformation of materials by one atom or one 
molecule.” 
 
In recent years this term has become synonymous with the science and 
engineering of synthesising, producing and processing materials under 
100nm.  This definition is susceptible to change. In fact, many researchers 
think that a true nanomaterial should be below 10nm. Recently, nanoscale 
filled polymer composites have provided many possibilities compared with 
traditional materials at the micron-scale. This type of nanoscale filler is usually 
< 100nm at least in one dimension. Materials that have one dimension in the 
nanoscale are layers, such as thin films or surface coatings. Some of the 
features of computer chips come in this category. Materials that are 
nanoscale in two dimensions include nanowires and nanotubes. Materials that 
are nanoscale in three dimensions are particles, for example precipitates, 
colloids and quantum dots (tiny particles of semiconductor materials). 
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Nanocrystalline materials, made up of nanometre-sized grains, also fall into 
this category. The very first example of a nanocomposite material was 
reported by researchers at Toyota80, who in 1990 published an article 
regarding a Nylon 6 – clay hybrid (Figure 2.59), where they explored the 
preparation of the composite material and some mechanical properties such 
as the tensile strength, tensile modulus and Charpy impact strength. 
 
 
Figure 2.59. Nylon – clay hybrid80. 
 
 
2.5.2. MONTMORILLONITE-BASED NANOCOMPOSITES 
Montmorillonite is a “hydrated sodium calcium aluminium magnesium silicate 
hydroxide”, a clay mineral belonging to the dioctahedral smectite group, 
having different formulae depending on the guest cations and atoms in the 
layers (Figure 2.60). 
 
 
 
 
 
 
 
 
 
 
 Figure 2.60. a) Montmorillonite in the natural state, b) structure of the clay81.  
a) b) 
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According to the review of Sinha Ray et al.81, the crystal structure consists of 
layers made up of two tetrahedrally coordinated silicon atoms fused to an 
edge-shared octahedral sheet of either aluminium or magnesium hydroxide. 
Figure 2.60b shows the characteristic structure of the clay with a layer 
thickness around 1nm. The width can vary from 30 nm to several microns or 
larger. Layered silicates are considered to be nanofillers even if nanosized 
just in one dimension. Hence, nanocomposites or nanofillers encompass 
many materials that have just one dimension under 100nm. Figure 2.61 
represents three typical examples of fillers having different shapes82. The fibre 
filler can be thought as one-dimensional, the plate-like filler as two-
dimensional, and the filler as three-dimensional.  
 
 
2.5.3. 2:1 LAYER AND NEGATIVE CHARGE 
Bergaya et al.83 explained that phyllosilicate consists of the repetition of 
tetrahedral and octahedral sheets. Every tetrahedron contains a cation (T, 
Figure 2.62) coordinated with four oxygens (or hydroxyl). All tetrahedra are 
connected by sharing the three corner atoms. In Figure 2.62, Ob and Oa stand 
for basal and apical oxygen. The octahedron is connected sharing the edges 
with the next octahedron. This cation contained within the octahedron is 
represented by M in Figure 2.62. The author noted that the conformation of 
the octahedra can be trans or cis depending on the position of the hydroxyl 
groups, Ooct, (or O/F/Cl…see structure in Figure 2.63a). The reason reported 
why those materials are called 2:1 clay or 2:1 phyllosilicates is that the layer 
structure is the repetition of one octahedral sheet (Figure 2.63a) inserted 
between two tetrahedral sheets (Figure 2.63b).   
Figure 2.61. Examples of fillers and definition by dimension82. 
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Figure 2.62. Example of 2:1 Layer structure83. 
 
 
 
 
 
 
 
 
 
 
 
 
Another definition is dioctahedral clay. Consider the unit cell of the 2:1 clay, 
there are six octahedral and eight tetrahedral sites. Hence, structures with all 
six octahedral sites occupied are known as trioctahedral. On the other hand, 
with just four occupied the structure is known as dioctahedral. The 
disposition of cations within the different sites may compensate for the 
different charges involved in the structure, resulting in a negative charge on 
the layers in proximity to the galleries (see Figure 2.60b). There are three 
reasons for the negative surplus: the substitution of Al3+ for Si4+ in tetrahedral 
sites, substitution of Al3+ or Mg2+ for lower charge cations in octahedral sites 
and the presence of vacancies81,83. 
 
 
 
Figure 2.63. a) Octahedral sheet and b) tetrahedral sheet83. 
b) a) 
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2.5.4. CATION EXCHANGE CAPACITY (CEC) 
As mentioned above, the negative charge in the layer is balanced by cations, 
but these species are susceptible to exchange with cations in solution. From 
soil science, the definition is cation exchange capacity (or cation adsorption 
capacity) referring to the property of a clay for exchanging of positively 
charged ions between the clay and, for example, a colloid solution. In this 
discipline, it is used as a measure of soil fertility, nutrient retention capacity, 
and the capacity to protect groundwater from cation contamination. CEC is 
expressed in milli-equivalents (meq) of positive charge per 100g of clay84 or 
centimole per kilogram of dry clay mineral83). In smectites, the negative 
charge per half unit cell ranges from 0.2 to 0.9. Sinha Ray81 reported that 
layered silicates have two types of structure: tetrahedral substituted and 
octahedral substituted. Considering the former, the negative charge is located 
on the surface of silicate layers, and hence, the polymer matrices can react 
more readily with these than with octahedrally substituted material. 
Montmorillonite is one of the most used with PLS (polymer/layered silicate). 
See the Table 2.11 for more information on the material81. 
 
 
 
 
Table 2.11. Examples of CEC for some type of clay81. 
 
 
2.5.5. ORGANO-CLAYS 
The characteristic exfoliation of many types of clay in water gives an indication 
of the hydrophilic nature of the material. This property is very useful for the 
simplicity of handling solutions of clay in water, but at the same time limits the 
usage to hydrophilic polymers. The limitation is huge and the application 
would be restricted to polymers such as PEO or PVA81. Exhaustive research 
on the modification of 2:1 clay minerals has been conducted by Lagaly85 and 
later studies on intercalation, lattice models, synthesis of nanocomposites by 
                                                                                                      Chapter 2 - Literature Review 
 
[69] 
 
Giannelis and Vaia86-90 but also others91,92. Usually interlayers of clays such 
as montmorillonite or similar contain cations such as Na+, Ca2+, or K+. Ion 
exchange is necessary to improve the organophilicity of these materials. 
Otherwise, ideal mixing in the material would not be achieved and no 
interactions would be established between the clay and polymer, leading to 
poor properties. Lagaly et al.85 studied 2:1 clays and exchange reactions with 
alkylammonium ions.  He discussed the possible disposition and conformation 
of the host organic molecules between the layers of the clay (Figure 2.64a) 
described as paraffin-type structure (with essentially all-trans configuration). 
The alkylamine molecules usually aggregate in mono or bi-molecular layers 
and the author showed that sometimes, increasing the chain length of the 
guest, the molecule moves from a tilted to a perpendicular position with 
respect to the layers, also leading to an increase of the basal spacing (Figure 
2.64b). 
 
 
 
 
 
 
 
 
 
 
 
Vaia et al.87 pointed out that the all-trans configuration in the paraffin-type 
structure previously described can be misleading because of the capacity of 
the aliphatic chains to conform in various ways; because of the low energy 
difference between trans and gauche, see Figure 2.65  (0.6 kcal/mol, 2.5 
kJ/mol)87. Using FTIR spectroscopy, they found that the results diverge from 
the conventional model of static all-trans conformation. Decreasing the 
interlayer density or chain length or increasing temperature the chains adopt a 
more disordered configuration leading to a bigger gauche/trans conformation 
Figure 2.64. a) the four dispositions inside the layers reviewed by Lagaly b) disposition within the layers 
increasing the chain length85. 
a) b) 
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ratio. An example is given in the following figure, whilst the chain length 
increases the order increases and the molecules adopt a liquid-crystal 
configuration (Figure 2.66). 
 
 
 
 
Figure 2.65. Different models, a) all-trans conformation, b) trans-gauche87. 
 
 
 
 
 
 
 
 
2.5.6. POLYMER-LAYERED SILICATE (PLS) 
The idea of the organoclays was to maximise the interlayer spacing and 
improve the organophilicity of the clays to produce a polymer nanocomposite. 
Below, the four most used methods are briefly described. 
 
1. Intercalation of polymer or pre-polymer from solution. In this 
method, a solvent system is used where the polymer (or pre-polymer) 
is soluble and the clay is swellable. After the clay is dispersed, the 
polymer is added and replaces the solvent in the interlayer space. 
 
2. In situ intercalative polymerisation method. The clay is dissolved in 
the liquid monomer or monomer solution so the polymerisation will 
Figure 2.66. Order increasing with number of carbons in the chains leading to a LC structure87. 
a) b) 
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occur directly between the layers using a suitable initiator (heat, 
radical…). 
 
3. Melt intercalation method. The polymer/clay mixture is annealed 
above the softening point of the polymer.  
 
4. Template synthesis. In this method, the clay is formed in situ in an 
aqueous solution and in the presence of the polymer. During the 
synthesis, the polymer helps the nucleation and the growth of the 
crystals and is trapped in the layers whilst growing91.  
 
The third method can be thought the most useful, considering the point of 
view of the preparation and the huge choice of materials. In fact, the use of 
solvent does not allow all polymers or clays to be suitable because of 
incompatibility and it is not environmentally friendly. Sometimes either 
monomer or the polymer/clay solvents are not available, limiting the research 
of the material. Furthermore, melt intercalation is appropriate for processing 
such as extrusion, milling etc. 
Vaia et al.86 reported an innovative way to produce nanocomposites via melt-
intercalation, avoiding the use of solvent and the problem of solvent 
compatibility with guest/host materials. Organo-montmorillonite was mixed 
with polystyrene powder and then pressed in pellets. After heating above Tg, 
the experiment was monitored by X-Ray diffraction at different temperatures 
to monitor the evolution of the peak of the hybrid material. Effectively the 
patterns showed the enlarging of the interlayer spacing with an overall 
increasing of 0.7nm, just enough for a monolayer of polymer (Figure 2.67).  
Vaia et al.86 noted that it was the first time that PS-organoclay materials had 
been produced because all former attempts from the solution method resulted 
in intercalation by the solvent.  
Subsequently, the processing stage, in which the montmorillonite or clay is 
added to the polymer, can lead to different configurations. Lagaly85 described 
three ways in which the clay could disperse in the organic matrix. The first, 
essentially, is in a separate phase: the matrix and the clay. It can be defined 
as a microcomposite. The second has been described above: the intercalation 
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of one monolayer of polymer chains between the silicate layers resulting in a 
well-ordered multilayer morphology92. The third is obtained when the 
dispersion is at a maximum. Therefore, there are interactions, but the 
individual layers of the clay are completely distributed in the homogeneous 
polymer matrix as shown in Figure 2.6891. This stage is known as exfoliation. 
 
 
 
 
 
 
Figure 2.67. a) Evolution of the new peak arising from the organoclay. b) Model for the disposition  of 
the polymer inside the organo-modified clay86. 
 
 
 
a) 
b) 
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Using the melt intercalation process, two types of structure are recognizable: 
intercalated or exofoliated90. 
Between intercalated and exoliated, can be placed a fourth situation called 
intercalated disordered, where the clay layers start to disperse in the polymer 
matrix.  The term tactoids refers to unseparated montmorillonite layers 
surrounded by the polymer matrix as shown in Figure 2.6993. 
 
 
 
 
 
Ishida et al.94 pointed out that nanosized materials fall in the range of size 
where the single constituents are too small to be stress concentrators and so 
they do not weaken the material. Moreover, stronger interactions (chemical 
compatibility) with the polymer and the inorganic filler produce a material with 
enhanced mechanical proprieties. 
Figure 2.68. Different phases assumed by the composite91. 
Figure 2.69. Other representation of the phases93. 
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2.6 PVC NANOCOMPOSITES 
Poly(vinyl chloride) nanocomposite materials have not attracted much 
attention, and less information is available than for other polymer/clay 
nanocomposites. The main literature is regarding nanocomposites with 
montmorillonite (MMT) as nanofiller, but also with blends of compatible 
polymers or epoxidation. 
PVC has a very low thermal stability requiring the use of stabilisers to avoid 
degradation. For this reason has been thought that the use of clay can be 
useful not only as reinforcement95,96, but also to improve the thermal 
stability97,98. Regarding the preparation of the nanocomposite the ideal 
method is melt compounding and some articles cite in situ suspension 
polymerisation99,100.  
 
2.6.1. PVC/MMT NANOCOMPOSITES: Mechanical and Thermal 
Properties 
Montmorillonite is the most used nanofiller for polymers in general and also 
for poly(vinyl cholride). Ishida et al.94 used a pioneering method with epoxy 
monomer in combination with montmorillonite, and mixed for 30min (Figures 
2.70 and 2.71). Unfortunately, they only reported some information on the 
type of structure achieved (exfoliated) and data showing the percent of 
nanocomposite formation (100%) versus the δ (solubility parameter) of the 
polymer matrices, using an epoxy monomer swelling agent.   
 
 
 
Figure 2.70. Epoxy Resin94. 
 
 
Wang et al.101 reported the preparation of PVC with organo-montmorillonite 
(OMMT) by melt compounding. They investigated the effects of clay loading 
level, amount of plasticiser (DOP), melt compounding time and annealing. A 
methyl tallow hydroxyl ethyl was used as organoclay modifier and successful 
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melt compounding was carried out at 180°C with as low as 2% of clay loading 
and also with a DOP-free system. They noted that at 2% clay loading, 5%-
10% DOP loading gives the best mechanical properties. They reported that a 
clay loading of 2% can also improve the thermal stability of PVC-clay 
nanocomposites with or without DOP. 
 
Figure 2.71. PVC/MMT nanocomposite with epoxy monomer94. 
 
 
Regarding the thermal stability, Gilman102 raised an issue, pointing out that it 
was possible that during the degradation of the polymer the clay becomes the 
surface layer so acting as a barrier. Du et al.99 in a subsequent article studied 
the thermal degradation of PVC using XPS and noted that, contrary to other 
polymers, it forms a carbonaceous char that covers the surface. Moreover, 
the presence of clay stabilises the allylic species during degradation, leading 
to enhancement of thermal stabilisation. These results are in contrast to what 
Wan et al.96 reported about alkyl ammonium ion deteriorating the processing 
stability and turning the sample black after a few minutes of blending with the 
clay.  
To understand the effect of montmorillonite (MMT) and organo-MMT (OMMT) 
during the processing discoloration and thermal degradation of PVC, Wan et 
al.103 studied and compared results of thermogravimetric analysis and 
calculated the kinetic parameters according to the Flynn–Wall–Ozawa and 
Kissinger methods103.  Table 2.12 shows some results; β is the heating rate 
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(°C/min), T1 the onset temperatures, and Tm is the decomposition 
temperature. αm is the degree of conversion at the maximum rate, ∆m1 and 
∆mtotal are mass losses at the end of the first degradation stage and the end of 
the analysis 
 
 
Table 2.12. Thermogravimetric data of samples of PVC plus MMT and OMMT103. 
.  
They deduced that an increase in the mixing torque induces discolouration 
especially with the organoclay. Moreover, the kinetic parameter revealed that 
the clays increased the degradation rate but not the type of mechanism.  
Gong et al.100, reported a thermal study on in situ synthesized PVC/MMT 
nanocomposite, finding a slightly higher glass transition temperature. 
Furthermore, their results agree with the previous work by Gong et al.98 on the 
degradation of PVC nanocomposites in the presence of organoclay. In fact, 
using TGA, an increase in the degradation rate emerged (Table 2.13) in 
samples with clay. This phenomenon belongs especially to the first stage of 
the decomposition, because the authors noted formation of a carbonaceous 
layer on the surface of the samples that enhances thermal stability at higher 
temperature. 
 
 
Table 2.13 Thermogravimetric analysis of OMMT in different environment98. 
 
 
Wan et al.104 pointed out in a subsequent article that alkyl ammonium ions 
leave strongly acidic sites and active micromolecular matter that may catalyse 
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the dehydrochlorination or discoloration of PVC. A further confirmation of the 
low thermal stability and fast discolouration came from Peprnicek et al.97. 
Their work showed that in samples of plasticized PVC doped with organophilic 
clay, the presence of alkyl ammonium salts gives a premature discolouration 
even before 20 minutes as shown in Figure 2.72. 
 
 
 
Figure 2.72. PVC doped with organophilic clay. The presence of alkyl ammonium salts lead to an early 
discolouration97.  
 
 
While most of the previous researchers worked on plasticised PVC, Chen et 
al.105,106 focused on rigid PVC and its properties in combination with Na+-MMT 
and OMMT. They reported intercalated and exfoliated structures with loadings 
between 1 and 5% (Figure 2.73).  
 
 
 
Figure 2.73. Example of a TEM image with a loading of 3% of OMMT. Intercalated (white arrows) and 
exfoliated structures (black arrows) are shown105. 
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As shown by XRD, the interlayer space is enlarged, for both the clays, rising 
from 1.23nm for the pure material to a maximum of 1.54nm for PVC doped 
with 2phr of Na+-MMT (Figure 2.74a and b). Regarding the thermal stability, 
they reported that the loading of MMT should be below 3% to avoid premature 
darkening of the material. 
 
 
 
 
Figure 2.74. Increasing of the interlayer space by a) MMT and b) OMMT106. 
 
 
Wan et al.96 used Na+-MMT and two long chain OMMT to study the 
mechanical and thermal proprieties of the polymer nanocomposite. They 
obtained intercalated (see Figure 2.75) and partially exfoliated structures. 
They noted an increase in the mechanical properties for low loading of clays 
(0.5-1%) and the same results or slightly higher for greater loadings, 
a) 
b) 
                                                                                                      Chapter 2 - Literature Review 
 
[79] 
 
compared with pristine PVC.  Processing stability has been found not to be as 
good as with loadings below 5%, leading to fast discolouration.  
 
 
 
Figure 2.75. Intercalated structure of PVC/MMT nanocomposite96. 
 
 
Kovarova et al.95 found an increase in the E modulus of samples of 
PVC/plasticiser mixed with organophilic clays (methyl tallow bis-2-
hydroxyethyl montmorillonite) at loadings of 5%. Even when they changed the 
extrusion screw speed to investigate how it could affect the mechanical 
properties, no significant changes were found. Kovarova95 noted very strong 
interactions between the polymer and the organoclay and so a highly 
intercalated structure can affect the exfoliation during processing.  
Gong et al.100 produced PVC/OMMT (using interlayer agent dimethyl 
didodecyl ammonium chloride) by in-situ polymerisation (Figure 2.76) and 
found  that the tensile strength and Young’s modulus were dependent on the 
rising loading of OMMT from 1 to 5% as shown in Table. 2.14.  
 
 
 
Figure 2.76. In situ polymerisation mechanism100. 
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Table 2.14. Effect of loading on mechanical properties100. 
 
 
For a loading of 5%, the tensile strength and Young’s modulus were 
enhanced by 34% and 51%, the elongation at break was not significantly 
changed. There was a noticeable increase in the work of fracture (area under 
the stress-strain curve) that rose to a maximum value, for the 3% loading, to a 
41% improvement with respect to the plain polymer, indicating better fracture 
toughness. Regarding rigid PVC, Chen et al.105,106 stated that increases in 
elongation are very noticeable where the increase can be up to 128% with 
Na+-MMT (see Table 2.15). 
 
 
Table. 2.15.Effect of loading vs. mechanical properties105. 
 
Likewise, the enhancement in mechanical properties is also achieved with 
OMMT, confirming, as previously noted by Kovarova95, that the strong 
interaction can affect the intercalation and exfoliation but also reflecting on the 
mechanical properties as well. 
                                                                                                      Chapter 2 - Literature Review 
 
[81] 
 
Ren et al.107 used a compatibiliser (vinyl acetate copolymer) in combination 
with the polymer and OMMT, but the results were not noticeably better than 
plain PVC. They stated that the amount of clay in the polymer should be less 
than 5% in order to obtain good mechanical properties. It is possible to see in 
Figure 2.77, the tensile strength values for the polymer/clay system are 
always below the value of PVC with zero content of organoclay. The way to 
obtain good mechanical properties seems to be the choice of the amount of 
organoclay (not more than 5%). Furthermore, the most common sample 
preparation is melt compounding: a faster and easier method in comparison 
with in situ polymerisation or the use of solvents. 
 
 
Figure 2.77. Tensile strength vs. organoclay content in PVC nanocomposite107. 
 
 
2.6.2. PVC/CaCO3 NANOCOMPOSITES 
Another nanofiller that has attracted attention recently is nano-CaCO3. 
Usually, the most well known nanofillers are clay due to their high aspect ratio, 
large surface area and interaction with the matrix. Calcium carbonate particles 
have a spherical shape and low aspect ratio, but their high surface area plus 
greater interactions with the polymer make them a good nanofiller. 
Furthermore, in some cases, the adding of layered silicate did not help the 
mechanical properties such as, for example, the toughness.  
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Chen et al.108 reported a study on the morphology and mechanical properties 
of PVC with nano-CaCO3 and also PVC/ABS with the same nanofiller. In 
Figure 2.78, it is possible to see nanoparticles (10phr) dispersed in the PVC 
matrix (Figure 2.78a) and in PVC/ABS (Figure 2.78b). 
 
 
 
 
 
Figure 2.78. Nanoparticles dispersed in (a) PVC matrix and (b) in PVC/ABS108. 
 
 
They showed that the nanofiller is also compatible with a different blend as 
with ABS and that the particles disperse homogeneously. Increasing the 
amount to more than 10phr can create some aggregation. The elongation at 
break can be increased by the addition of calcium carbonate in the plain 
polymer, but not for the blend as shown in Figure 2.79a and b.  
In fact, a very high value is achieved between 5 and 10phr of filler. Regarding 
the yield strength, Chen et al.108 noted the same results as for the PVC blend, 
hence a slight decrease in the values with the addition of the filler. There is an 
increase for the plain PVC when the amount of nanoparticles reaches around 
a) 
b) 
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5phr. In the work of Xie et al.109 PVC/ nano-CaCO3 has been prepared by in 
situ polymerization and they reported the mechanical properties. 
 
    
 
 
Figure 2.79. Nanoparticles content vs. mechanical Properties108. a) Elongation at Break vs Nano-CaCO3 
content, b) Yield Strength vs Nano-CaCO3 content. 
 
 
Their method reduced the tendency of the nanoparticles to aggregate 
(because of its high surface energy) and form agglomerates, a common 
problem with this kind of material; thus, they argued that a more 
homogeneous dispersion was obtained as shown in Figure 2.80.  
 
 
 
Figure 2.80.TEM of PVC/ nano-CaCO3 prepared by in-situ polymerisation109. 
 
 
b) a) 
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According to Figure 2.81a and b, the elongation at break has also been 
enhanced in their material, but with the maximum value achieved with at a 5% 
loading. They stated that the nanoparticles act as stress concentrators leading 
to interface debonding/voiding and matrix deformation; this mechanism leads 
to an impact toughening of the material.  
 
        
 
 
Figure 2.81. Mechanical properties of PVC/nano-CaCO3 material with 5 wt% of nanoparticles loading109. 
a) Charpy Notched Impact Energy vs Nano-CaCO3 content, b) Elongation at Break vs Nano-CaCO3 
content. 
 
 
However, this result seems poor compared with the value of 79kJ/m2 of 
Charpy notched impact energy obtained by Fernando and Thomas on 
PVC/CaCO3 nanocomposite110.  
Recently, Xiong et al.111 reported a novel approach to produce PVC/CaCO3 
nanocomposite. The technique consisted of foaming PVC particles to create a 
microporous material, with an average pore size of 0.2-2µm, and 
subsequently the reaction between Ca(OH)2 and CO2 was conducted inside 
the pores of the polymer. According to the author, this technique prevents the 
further increase in size of CaCO3 crystals. Hence, only pseudo amorphous 
crystals and defect-rich crystals are formed. Xiong et al.111 stated that 
compared with the in situ polymerisation in the presence of nanoparticles, in 
this method the dispersion is more homogeneous. According to Figure 2.82a 
and b, it is noticeable that the nanoparticles reached a better dispersion in the 
synthesised materials; furthermore, also the shape of the particles is better 
formed. The mechanical properties are clearly enhanced showing that the 
a) b) 
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best results are obtained with the same volume fraction of calcium carbonate, 
but the maximum value of impact strength or tensile strength is higher for the 
in situ nanoparticles (Fig. 2.83a and b). This can have the advantage of using 
all-in one method to produce the nanoparticles instead of dispersing them in 
the polymeric matrix. 
 
      
 
 
Figure 2.82. PVC  matrix with: In situ nanoparticles on the left, commercial nanoparticles on the right111. 
 
 
    
 
Figure 2.83. Mechanical properties of commercial and In-Situ nanoparticles111. 
 
 
2.6.3. PVC/CELLULOSE NANOCOMPOSITES 
Polymer/cellulose nanocomposites have been studied for many years in 
resins and rubbers. The more recent literature about PVC/cellulose 
nanocomposites is by Chazeau et al.112-115. They studied the viscoelastic and 
a) b) 
a) b) 
                                                                                                      Chapter 2 - Literature Review 
 
[86] 
 
plastic properties and mechanical behaviour. The main advantage of using 
cellulose is the renewable and biodegradable properties combined with good 
mechanical behaviour. The problem with these fibres is their high tendency to 
aggregate, so, influencing the dispersion. To counteract this, it is necessary to 
use strong mechanical force; but, this results in a loss of average cellulose 
length and subsequently, reinforcing properties. 
Chazeau112 has reviewed that another common problem might be the 
wettability of the fibres when the polymer matrix used is non-polar and so 
there are, again issues of agglomeration. A method consists of grafting 
polymer on the fibre surface to give the nanofiller more affinity with the 
system. The author noted that the polymer matrix must be prepared in an 
aqueous medium, and both suspensions must be stable, at least during the 
time necessary for mixing of the two components. They produced rod-shaped 
monocrystals from Tunicates (Sea Squirt) by a suspension method and then 
studied the properties in a PVC matrix. The characterisation used dynamic 
mechanical measurements and tensile testing, in order to understand the 
viscoelastic behaviour of these nanocomposites. 
Chazeau112 noted that the modelling did not fit very well with the experimental 
work. For example, he used the Halpin–Kardos112 equation but it was found to 
overestimate by about a factor of 2 the modulus below Tg, and to 
underestimate by a much higher factor the modulus in the rubber plateau 
region. Correction factors calculated from the modulus of the composite below 
the Tg were applied to resolve this. The results of the following attempts to 
obtain a theoretical model fitting the experimental work were still 
underestimated. The author stated that a possible connection between 
whiskers above 1% in volume fraction can be the cause of the failure of the 
modelling. This explanation has been supported just by the swelling 
experiments but not from DMA or DSC. 
Further work by the same group investigated linear viscoelastic behaviour115, 
mechanical behaviour above Tg and plastic behaviour, using modelling such 
as quasi point defect (qpd) and Halpin–Kardos112. The aims of these projects 
were to investigate relaxations of the matrix, modelling using as a parameter 
the presence of immobilised polymer matrix around the whiskers (giving the 
unexpected reinforcing effect). Furthermore, the mechanical behaviour in the 
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non-linear domain was investigated to produce a model that could fit the 
experimental data. 
 
2.6.4. PVC/CARBON NANOTUBE NANOCOMPOSITES 
Carbon nanotubes are considered one of the most promising reinforcement 
materials for polymers. They have exceptional mechanical properties with a 
Young’s modulus up to one TPa and tensile strength of 60 GPa. Blake et al116 
prepared functionalised multi-walled nanotubes (MWNT) with chlorinated 
polypropylene (CPP). The modification was preformed using n-BuLi and CPP 
in a THF solution (Figure 2.84).  
 
 
 
Figure 2.84. Functionalisation of multi-walled nanotube116. 
 
 
They produced a PVC composite material by the solution casting technique 
with improved mechanical properties as Young’s modulus, tensile strength 
and toughness116. The authors noted that despite the good improvement for 
these properties, the volume fraction of nanocomposite tolerated by the 
polymeric matrix is very low and there is poor mechanical performance. In 
Figure 2.85, is possible to appreciate the properties of PVC/MWNT with 
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different volume fractions of the host. In the subsequent work by Broza et 
al.117, PVC has been prepared by solution casting of THF and single walled 
nanotube (SWNT) and MWNT. They characterised the nanocomposites with 
DSC, showing that the network built between polymer and the host lowered 
the melting temperature, but the concentration of CNT does not affect the 
fusion peaks and so the relation between primary and secondary crystals.  
 
 
Figure 2.85. Stress – Strain curves of PVC/MWNT materials116. 
 
 
Moreover, the authors studied the conductivity properties, showing that the 
presence of MWNT clearly enhanced the electronic flow. The classification for 
conducting materials says that a material between the values of 10-6 and 102 
S, is to be considered as a semiconductor.  The materials produced by 
Broza et al.117, with values in the order of 10-3 S, are perfectly suiting this 
classification (Figure 2.86). 
 
 
 
 
Figure 2.86. Electrical conductivity vs. multi -walled nanotube content (a) and single-walled nanotube 
content (b)117. 
b) a) 
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Subsequent work carried out by Wang et al.118 concerned preparation of 
modified multiple-walled carbon nanotubes grafted by styrene-maleic 
anhydride copolymers (MWNT-SMA). This study explored the enhancement 
in mechanical properties and dispersability in the polymeric matrix. The 
reaction is summarised below; they started from hydroxyl MWNT and SMA 
giving the following result (Figure 2.87): 
 
 
 
Figure 2.87. Reaction concerning grafting of styrene-maleic anhydride copolymers on multi-walled 
nanotubes118. 
 
 
Wang et al.118 demonstrated the result of this reaction with Raman and FTIR 
spectroscopies. Moreover, the mechanical properties showed that in 
nanocomposite PVC/modified MWNT the impact and tensile strength and 
elongation rate are enhanced (see Table 2.16). The improvement of 
toughness is clear, demonstrating that the modified nanotubes work as stress 
concentrators, so absorbing large quantities of energy. An example of 
compatibility with the polymer matrix is given also by the TEM micrograph 
where the images showed the surfaces of sample after maximum mechanical 
stress in samples with the presence of MWNT-SMA and MWNT pictured 
below in Figure 2.88a and b. 
 
 
 
Table 2.16. Mechanical properties vs. different dosage (M0, M1, M2) of NT in PVC118. 
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Figure 2.88. a) PVC with no presence of modified MWNT; b) PVC with modified MWNT118. 
 
 
The author showed that in the micrograph with absence of modified 
nanocomposite (Figure 2.88a) the surface of the fractured material was 
smooth and clean i.e. brittle failure. On the contrary, PVC with the modified 
MWNT shows drawn thread phenomenon, caused by a good interfacial 
connection between nanotubes and the polymer matrix (Figure 2.88b) and 
indicative of ductile failure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) b) 
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2.7 LITERATURE REVIEW: CONCLUSIONS 
The following conclusions can be drawn after the literature review: 
 
1. PVC is the second largest tonnage polymeric material in the world after 
polyethylene. Major applications for rigid PVC are in building and 
construction, moulded parts and extruded sheet, and for flexible PVC in 
film, wire and cable, flooring and tubing (Section 2.1). 
2. PVC suffers from degradation by heat or light, so different stabilisers 
(i.e. calcium/zinc stearate, organotin compounds or hydrotalcite) are 
added to PVC formulations (Section 2.1). 
3. Hydrotalcite is used as secondary heat stabiliser; however, little work 
has been done on hydrotalcite as primary stabiliser (Section 2.1). 
4. Hydrotalcite is easily synthesised by hydrothermal methods or constant 
pH synthesis (co-precipitation method); furthermore, hydrotalcite 
memory effect allows, in theory, modification using different organic 
species (Section 2.3). 
5. PVC/hydrotalcite composites have received relatively little coverage in 
the literature, which gives more room for future work; however, 
indication that hydrotalcite with Mg/Al ratio of approximately 3 works 
better than lower or too high ratios (Section 2.4). 
6. PVC nanocomposites have been studied in literature; however, no 
studies on gelation or degradation using Haake rheometer have been 
done. 
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Chapter 3  
Experimental Methods 
 
The experimental section gives a full explanation of the ongoing work with 
modification, synthesis and characterisation of hydrotalcite. Other 
nanocomposite and PVC nanocomposites will be considered to give an 
indication of the various other ongoing studies. It appears clear that PVC is 
relatively unused in combination with nanoclay, especially hydrotalcite. 
	  
3.1. Materials 
 
3.1.1 Synthesis and Modification of Hydrotalcite 
The chemicals used for the synthesis and modification of the hydrotalcite 
clays were purchased from Fischer Scientific UK Ltd, Loughborough, United 
Kingdom. Table 3.1 shows the materials used for the laboratory work and in 
particular for the synthesis using the urea method.  Ethanol was used as a 
solvent and for the filtration. The materials are listed with the formulae, 
molecular weight and purity (given by the manufacturer). Table 3.2 shows the 
reagents that were used for the pH-controlled synthesis. 
 
Chemicals Formulae MW (g/mol) Purity (%) 
Magnesium 
Chloride 
Hexahydrate 
MgCl2·6H2O 203.31 99 
Aluminium Chloride 
Hexahydrate 
AlCl3·6H2O 241.43 99 
Urea (NH2)2CO 60.06 99.5 
Ethanol C2H5OH 46.04 90 
 
Table 3.1. List of reagents for the synthesis method using urea. 
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Chemicals Formulae MW (g/mol) Purity (%) 
Magnesium 
Sulphate 
MgSO4·7H2O 246.47 99 
Aluminum Sulphate Al2(SO4)3·14H2O 594.42 99 
Sodium Carbonate Na2CO3 105.98 99 
Sodium Hydroxide NaOH 40 99 
 
Table 3.2. List of reagents used for the pH controlled synthesis. 
 
The chemicals used in the experiments to modify the hydrotalcite structure are 
shown in Table 3.3. 
Lanphos TEP4K® is an anionic surfactant, phosphate ester-based, 
commercially available from Lankem Ltd, Dukinfield, United Kingdom. All the 
other chemicals used for the modification were purchased from Fischer 
Scientific UK Ltd, Loughborough, United Kingdom (Table 3.3). 
 
Chemicals Formulae MW (g/mol) Purity (%) 
Dodecylbenzene 
Sulphonic Acid, 
Sodium Salt 
(SDBS) 
C18H29NaO3S 348.48 N/A 
Poly(vinyl alcohol) -(CH2-CHOH)n- 86000 99-100% 
Sodium Stearate C18H35NaO2 306.46 96 
Lanphos TEP4K®121 N/A N/A N/A 
 
Table 3.3. List of chemicals used for the modifications. 
 
3.1.2 Commercial Hydrotalcite 
Commercial hydrotalcite was purchased from two different companies: Süd-
Chemie Inc. and Kyowa Chemical Industry Co. The materials are listed in 
Table 3.4. The two hydrotalcites have similar characteristics: both are 
odourless white powders with particle sizes lower than 1µm. One noticeable 
difference is the presence of Zinc in Alcamizer P93.   
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Elemental analysis of the hydrotalcites was carried out using X-Ray 
Fluorescence (XRF) and will be discussed later. 
 
Materials Product Name Manufacturer 
Hydrotalcite Sorbacid 911/944 Süd-Chemie Inc. 
Hydrotalcite Alcamizer P93/MHT-PD Kyowa Chemical Industry 
Co. 
 
Table 3.4. Hydrotalcite commercial grades. 
 
3.1.3 PVC Additives and Processing Aids 
The materials used for the different Poly(Vinyl Chloride) formulations are listed 
in Table 3.5. These materials were needed in the processing stage to improve 
the properties of the polymer such as gelation, thermal stability and colour. 
Table 3.5 shows the materials, the product name and manufacturer. 
PVC resin had a k-value of 68. The primary thermal stabilizer was Ca/Zn 
Stearate. Titanium dioxide is used as white pigment in many applications and 
was useful in the assessment of static thermal stability.  
 
Materials Product Name Manufacturer 
PVC Resin Ineos 6830 Ineos Vinyls 
Calcium/Zinc Stearate Naftosafe PWX 15860 Chemson 
Titanium Dioxide Kronos CL2220 Kronos International, Inc. 
 
Table 3.5. List of materials used for the PVC formulations. 
 
3.2. Calcination and Modification of the Clays 
 
3.2.1 Calcination 
Calcination is a process involving heating the hydrotalcite clay, in order to 
generate specific mineral phases.  
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As explained in Section 2.3.2 the decomposition of hydrotalcite takes place in 
two stages: the first occurs around 200-250°C with the loss of external surface 
and interlayer water, while the second involves the decomposition of the guest 
anion. The latter stage depends on the composition of the clay, but generally 
begins above 300°C. This stage is referred to as a dehydroxylation and 
decarbonation step56 when the guest species is a carbonate. 
The two-stage mechanism is summarised in the Figure 2.42a. Once the spinel 
phase is formed, usually above 500°C, the structure of the hydrotalcite cannot 
be recovered57. 
 
 
Mg1-xAlx(OH)2(CO3)x/2.mH2O 
 
Mg1-xAlx(OH)2(CO3)x/2     x/2MgAl2O4+(1-3x/2)MgO 
Figure 2.4a. Thermal decomposition of Hydrotalcite. 
 
 
Following the above-mentioned scheme, the commercial grade samples were 
calcined. The modus operandi involved heating in an oven set at a 
temperature of 450°C for 4 hours.  The materials produced are referred to as 
Calcined Hydrotalcite. 
 
3.2.2 Modification of the Commercial Grade 
In principle, the modification of hydrotalcite would seem an easy process, due 
to the high penetrability of its galleries and the possibility of using aqueous 
solution rather than solvents. The process studied involved preparing an 
aqueous solution containing previously calcined clay and a surfactant. 
The first modification was done using Dodecylbenzenesulphonic Acid Sodium 
Salt (SDBS) because it was thought to have a good interlayer exchangeability 
with hydrotalcite.  
 
Sulphonic Acid, Sodium Salt (SDBS) 
25-­‐225°C	  
225-­‐500°C	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The surfactant was made up to 0.1M in 50ml of de-ionised water and one 
gram of previously calcined hydrotalcite was added. The suspension was 
stirred for 24 hours at room temperature.  
 
Poly(vinyl alcohol) 
Poly(vinyl alcohol) (2.3g) was added to  100ml of de-ionised water. The 
solution was heated to 70°C for a few minutes in order to dissolve the 
Poly(vinyl alcohol). After the solution had cleared, 1 gram of calcined 
hydrotalcite was added and the mixture allowed to cool. 
 
Lanphos® 121 
Lanphos® was added to 100ml of de-ionised water in a volume percentage 
between 10% and 50%. It was heated up slowly to help the dispersion; after 
the addition of 1 gram of calcined clay, the solution was stirred for a further 24 
hours. This surfactant was provided in liquid form. The precise formulation is 
unknown but it is an anionic, phosphate-based surfactant.   
 
Sodium Stearate 
Sodium Stearate was chosen because stearates are used as lubricants in 
many PVC formulations. The modified clays were prepared with sodium 
stearate at concentrations from 0.03M to 0.1M, which were called sample 
stHT0.03 and stHT0.1.  All the solutions were prepared as mentioned above 
and left stirring for a minimum of 24 hours. 
 
3.3 Synthesis 
 
3.3.1 Urea Method 
A primary objective of the experimental work was to investigate the synthesis 
of hydrotalcite using a hydrothermal method. This material was synthesised in 
order to determine the effect of controlling particle size and particle 
agglomeration on the properties of the formulated PVC. The benefit of 
decreasing particle size was expected to be enhancement of the properties of 
the Poly(vinyl chloride)–Clay composite, such as thermal stability. Hydrotalcite 
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was prepared by a hydrothermal process using a simple experimental 
apparatus, comprising the items listed in Table 3.6. 
500ml 2-neck flask 
Condenser, 160mm length, 24/29 socket, 24/29 cone 
Stirrer hotplate 
Thermometer 
pH meter 
Paraffine oil bath 
 
Table 3.6. List of the equipment used for the hydrothermal process. 
 
The core experiments are listed in Table 3.7; they are labelled from A to G 
and the main conditions are listed in the same table. Every experiment run 
(from A to G) consisted of a series of experiments with the conditions shown 
in order to assess reproducibility; furthermore, some of the preliminary trials 
were unsuccessful and experiments A to C were run many times trying to 
obtain a final product. In fact, between experiments A to D, the trials were 
mainly to find the best conditions for the synthesis. The best condition did not 
match those reported in the literature66. Once the conditions were found, most 
of the samples were synthesised, modified and processed using the 
methodology of the experiment labelled "G". Further in the chapter, the 
samples are referred to as synthesised hydrotalcite and will be described 
according to the conditions used; the samples synthesised with the urea 
method for 24 hours will be referred to as UHT24h (coincident with the 
experiment batch G) because of the best results in term of synthesis. Table 
3.7 below shows the main experiments.  
 
Synthesis Batch Temperature (°C) Time (hr) Solvent 
A 90 12 Water 
B 100 12 Water 
C 100 24 Water 
D 120 24 Water 
E 120 24 Water / Ethylene Glycol 
F 120 24 Water 
G  120 24 Water 
 
Table 3.7. Experiments and conditions for the urea synthesis method of hydrotalcite.   
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The main synthesis procedures, involving the most successful synthesis and 
molar ratios of 3:1 and 4:1, were as follows:  
 
1. 300 ml of an aqueous solution containing 6.8 grams of MgCl2·6H2O 
and 4 grams of AlCl3·6H2O was placed into a flask and the condenser 
was fitted. The flask was then placed into an oil bath, allowing better 
control of the temperature. The reagents were mixed for a few minutes; 
subsequently, 10 grams of Urea were added and left mixing with the 
salt solution.  
 
2. 300 ml of an aqueous solution containing 8.1 grams of MgCl2·6H2O 
and 2.1 grams of AlCl3·6H2O was placed into a flask and a condenser 
was fitted. The flask was then placed into an oil bath, allowing better 
control of the temperature. The reagents were mixed for a few minutes; 
subsequently, 6 grams of Urea were added and left to mix with the salt 
solution.  
 
3. The solutions with Ethylene Glycol were prepared as above but adding 
25 % of Ethylene Glycol to the total volume. 
 
A thermometer was used to check the solution temperature, which was 
normally between 90° and 120°C (experiments A to G). 
The solutions were left refluxing for the chosen amount of time and the 
formation of reaction intermediates or the precipitation of the clay was noted. 
The colour of the flask contents changed from transparent to cloudy and 
finally to white. The pH of the solutions was monitored during the synthesis 
but only for a limited numbers of hours because of the inability to record data. 
Technically, the sensor of the pH-meter could tolerate a maximum of 120°C 
so each sample was collected every 30 minutes and left to rest for a few 
minutes before taking the pH measurement. Once the precipitation was 
complete the flask was quenched in ice and the clay was filtered. 
At this stage, a filter flask and Buchner funnel were used; the filter paper used 
was medium/fast flow rate cellulose (Whatman 541). During the filtration stage 
the sample cake was repeatedly washed with ethanol and de-ionized water. 
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Other trials were also carried out with other solvents such as acetone or 
ethylene glycol, which were added during the filtration stage. However, no 
improvements were found.  
The last stage consisted of drying the precipitate in an oven at about 80°C for 
3-4 hours, depending the amount of the product produced. The outcome of 
the hydrothermal process was hydrotalcite cake which was subsequently 
crushed using a pestle and mortar when drying technology such as Freeze 
and Spray Drying were not available. The latter technique became available 
toward the end of the research period and so only a few of the batch samples 
G were dried by this method. 
Initially, aluminum chloride was used as the aluminum based reagent but 
difficulties were encountered when handling the material (which releases HCl 
in contact with air) and this led to the shift to hexahydrate. The reaction 
scheme of this method is still not clear but Rao at al.66 have explained it as 
shown in the scheme of reaction 3.1:  
 
 
Scheme of Reaction 3.1. Urea method synthesis scheme of reaction66. It can be seen that Mg and Al 
hydroxides intermediates are formed before formation of the hydrotalcite structure.  
 
3.3.2 Constant pH Synthesis 
The synthesis procedure consisted of mixing metal salts and alkali solution, 
keeping the pH at a constant value. The method was expected to lead to 
higher yield and smaller particle size. Nevertheless, the greater speed of 
reaction and the absence of variables such as temperature would have 
reduced the time for clay synthesis and improved the yield. It was also thought 
that the elimination of nitrogenous compounds would lead to an improvement 
in the thermal properties of the Poly(vinyl chloride)/hydrotalcite composites. 
The reaction is described below in the Scheme of Reaction 3.2.  
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6MgSO4 + Al2(SO4)+16NaOH+Na2CO3   
      Mg6Al2(OH)16CO3.4H2O+9Na2SO4 
 
Scheme of Reaction 3.2. Synthesis of the Hydrotalcite.  
 
The amount of the reagents needed is shown in Table 3.8 and 3.9. The 
quantities of the reagents were decreased, in order to fit the apparatus 
available and to use smaller volumes of de-ionized water.  The modified 
quantities are listed in Tables 3.10 and 3.11.    
 
Solution A Weight (g) 
MgSO4·7 H2O 1478 
Al2(SO4)3 ·14 H2O 594 
De-ionized Water 4000 
 
Table 3.8. Composition of the first solution necessary for the preparation of the pH controlled synthesis. 
 
Solution B Weight (g) 
NaOH 600 
Na2CO3 530 
De-ionized Water 4000 
 
Table 3.9. Composition of the second solution for the pH controlled synthesis. 
	  
The procedure for the synthesis of hydrotalcite at constant pH (labeled as 
PHHT) was as follow: initially, the two solutions were prepared in two different 
beakers using the procedure and the proportions listed in Table 3.10 and 
3.11. Subsequently, Solutions A and B were placed on two different stirrers 
and left there until complete dissolution of the reagents.  After a few minutes 
the transparent solutions were ready to be mixed in a common beaker. 
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Solution A Weight (g) 
MgSO4·7 H2O 29.56 
Al2(SO4)3 ·14 H2O 11.88 
De-ionized Water 80 
 
Table 3.10. Solution A composition decreased. 
	  
Solution B Weight (g) 
NaOH 12 
Na2CO3 10.60 
De-ionized Water 80 
 
Table 3.11. Solution B composition decreased. 
The solutions were added simultaneously into a stirred beaker at rates which 
maintained the pH of the solution constant at values of between 10 and 10.3.  
After the solutions were completely mixed the white slurry was left for at least 
30 minutes to rest. All the experimental procedure was performed at room 
temperature. 
The slurry was filtered using a filter flask and Buchner funnel attached to a 
small vacuum pump and repeatedly washed with water and ethanol. The 
result was a white wet cake which was ready for drying. The different drying 
technologies are explained in Section 3.4.  
Sodium Stearate surfactant was added to the synthesised hydrotalcite to 
reduce agglomeration. The modification with sodium stearate was carried out 
in three ways: 
 
1. The surfactant was added during the synthesis of PHHT. The 
surfactant was dispersed in different concentrations up to 0.5M in water 
while the synthesis of the PHHT was stabilised at a pH of 
approximately 10-10.3. Therefore, when the pH was stable the 
surfactant solution was added and allowed to stir overnight. The 
suspension was then filtered and spray dried. 
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2. The surfactant was added during the filtration process. This method 
involved the addition of the surfactant, in the same concentrations, 
during the filtering stage. The addition was done only after the clay was 
washed with water and ethanol. 
 
3. The surfactant was added after the drying technology. 
 
3.3.3 Modification of the Constant pH Synthesised 
Hydrotalcites 
The synthesis of the PHHT samples used the knowledge previously acquired 
by the modification through calcination process (Section 3.2). However, due to 
the lack of promising results from the modification, the addition of surfactant 
was no longer intended for intercalation. The application of the clay was to be 
as a thermal stabiliser in PVC. Hence, to improve dispersion, the idea was to 
coat the hydrotalcite or partially intercalate it with the surfactant. Furthermore, 
agglomeration was decreased due to drying technology and this allowed the 
morphology of the hydrotalcite to be studied. The modification with sodium 
stearate was carried out in two ways: 
 
1) The surfactant was added during the synthesis of PHHT (PHHT + SS). 
2) The surfactant was added during the filtration process (PHHT + SSFL). 
 
These methods were carried out without particular problems. However the 
addition of surfactant after the clay had dried did not produce appreciable 
results. 
The methods are described below: 
 
Method 1 
The surfactant was dispersed in different concentrations up to 0.5M in water 
while the synthesis of the PHHT was stabilised at a pH of approximately 10-
10.3. Therefore, when the pH was stable the surfactant solution was added 
and allowed to stir overnight. The suspension was then filtered and spray 
dried. 
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Method 2 
The second method involved the addition of the surfactant, at the same 
concentrations, during the filtering stage. The addition was done only after the 
clay had been washed with water and ethanol.  
 
3.3.4 Ageing Supported by Autoclave 
Ageing was carried out using an autoclave. The aim was to compare with the 
previously synthesised hydrotalcites and verify whether it was possible to 
obtain finer particles or whether there was no further change in the structure, 
particle size or morphology.   
The apparatus used was simply a steel autoclave that was composed of two 
screw sections: the bottom part contained a small container (made of 
polytetrafluoroethylene, PTFE), which was the sample holder. The volume of 
the cup was 80ml but only 60ml was used for the hydrotalcite solution, in 
order to obtain a better reflux. 
This method involved the use of the clay synthesised by the constant pH 
synthesis (PHHT). The procedure consisted of taking a sample (60ml) every 
time the synthesis at constant pH was terminated. It was placed in the PTFE 
cup inside the autoclave. The remaining PHHT material was left to stir for 30 
minutes as previously described.  
The solution inside the autoclave was left ageing for different time such as 6 
and 24 hours in an oven at 150°C (Samples labeled as Auto6h and Auto24h). 
The material was then filtered and washed out with ethanol and water as for 
the previous samples. Subsequently, the clay was prepared for the drying 
technology stage as described in Section 3.4. 
 
3.4 Drying Technology 
Hydrotalcite is a type of clay that is highly prone to agglomeration, as 
discussed in the previous chapters. For this reason the material was dried 
after every synthesis and different drying procedures were investigated.  
In order to identify the best technique, the samples were put through initial 
experimental trials with the following:  oven to produce a conventional heat 
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source; Freeze Drying and Spray Drying.  The most important and efficient 
drying technology was found to be the spray dryer; therefore, most of this 
section is devoted to this technique. Each drying method is introduced below 
along with the experimental set-up. 
 
3.4.1 Conventional Drying  
The first method to be used was conventional drying. ”Conventional” means a 
traditional heating source as, for example, an oven. Figure 3.1 shows the 
oven used for heat treatment of the synthesised clay.  
 
 
 
                Figure 3.1. Oven used for conventional drying tests. 
 
The advantage of this method is the simplicity of the procedure; therefore no 
need for further treatment of the samples. On the other hand, the main 
disadvantage is the absence of control of the particles in the samples, 
meaning that a greater agglomeration of the clay was obtained. This effect 
was seen with the naked eye; for example, the increased compaction of the 
samples, and change from slurry to a hard material that is very difficult to 
break. After the treatment, a pestle and mortar were needed in order to break 
up the clay. Such a high level of hardness made it impossible to use the 
material for processing purposes. Therefore other methods were necessary to 
produce better samples, from the point of view of particle size and 
processability. Conventional drying was then compared with the other two 
drying methods, in order to show the differences and determine the best 
method.       
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3.4.2 Freeze-Drying  
A Benchtop 2K Freeze dryer from VirTis© was used to obtain less 
agglomerated samples. The samples were placed in the containers in the top 
of the instrument as shown in Figure 3.2. The instrument has a specific tank at 
the bottom which is filled with liquid Nitrogen. The samples were subjected to 
a 60millibar vacuum and a temperature of -60°C. These conditions were kept 
constant for the desired period of time depending on the quantities. The 
method allows the agglomerated particles to separate and water molecules in 
the interlayer position responsible for the agglomeration are displaced. The 
resulting powders were easier to modify, process and analyse. 
The main disadvantage of the freeze-drying method is the time needed to 
obtain the material. In fact, the minimum period is about three days of 
exposure to the vacuum-freezing process.  
 
 
 
Figure 3.2. Freeze-Dryer from VirTis©. 
 
3.4.3 Spray-Drying 
The Mini Spray Dryer B290 from Büchi© was the most efficient drying 
technology used to obtain hydrotalcite powders. The instrument can be seen 
in Figure 3.3 and the operation is shown schematically in Figure 3.4.  
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Spray drying is an efficient method to produce particles, preventing 
agglomeration compared with freeze and conventional drying.  
 
                     
 
Figure 3.3. Mini Spray Dryer from Büchi©.       Figure 3.4. Spray Dryer scheme of operation. 
    
The sample is dispersed in water and then introduced into the system from 
the nozzle by means of compressed air (Figure 3.4, 1). The nozzle disperses 
the solution into fine droplets. The system can be set to temperatures up to 
220°C provided by electric heating (Figure 3.4, 2); the outlet and inlet 
temperatures are shown in the display along with the aspiration and flow rate 
values. The sprayed droplets pass through the cylinder (Figure 3.4, 3) where 
they are converted into solid particles. The particles then fall down into the 
cyclone (Figure 3.4, 4) and to the sample container and can be separated if 
too fine by the filter (Figure 3.4, 5). The flow is produced by the aspiration 
system (Figure 3.4, 6) producing the flux indicated by the arrows in the Figure 
3.4. product. Moreover, the higher the spray flow rate, the smaller will be the 
particle size of the product. The aqueous solution is dispersed into fine 
droplets using the two liquid nozzles and then the solvent evaporates; the 
vapour created surrounds the product protecting it from the thermal load. At 
this point when the critical concentration is exceeded, nucleation starts and 
forms a solid shell. The evaporation of the solvent causes the interface to 
move into the core and therefore the second step of drying starts. When the 
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drying is complete the resultant product will be either amorphous or 
crystalline. A common guideline is that the more concentrated the solution, 
the more porous will be the final product. Moreover, the higher the spray flow 
rate, the smaller will be the particle size of the product. 
 
3.4.4 Preparation of the Samples 
All the samples required a minimum of preparation before being subjected to 
the drying technologies, mainly due to the feeding method into the 
instruments. The morphologies of the samples produced from the different 
drying technologies, which were examined using Scanning Electron 
Microscopy (SEM), will be described in Chapter 5. 
 
3.4.4.1 Preparation for Conventional Drying 
Preparation for conventional drying did not require specific treatment of the 
samples. The wet cake obtained after the filtration stage was just placed in a 
Petri dish and dried in an oven at 80°C for 2 hours. After the heat treatment, 
the compacted material was ready to be weighed and crushed with a pestle 
and mortar. 
 
3.4.4.2 Preparation for Freeze-Drying 
The synthesized clay, a wet cake, was placed in a beaker which was then 
covered with Parafilm “M”® and the film was perforated to create a few small 
holes. The reason was to protect the sample from being sucked off during the 
evacuation process applied at the beginning. The beaker was then placed in 
one of the containers at the top of the freeze-dryer, as shown in Figure 3.2. 
The material was left under freeze-drying conditions for a period of three days 
and it was simply collected as a fine powder.  
 
3.4.4.3 Preparation for Spray-Drying 
For spray drying it is necessary to disperse the samples in an aqueous or 
organic medium. Therefore the synthesised clay, which had been promptly 
filtered and transformed into a wet cake, was re-dispersed in de-ionised water. 
There are two reasons for this: firstly, the filtering step includes washing 
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cycles, allowing unreacted reagents to be washed out. Secondly, the weight 
of the cake is taken and subsequently, an approximate value of the solution 
concentration is calculated. The value of the concentration is approximate 
because the wet cake is water rich and does not reflect the real weight of the 
solid.  
The concentration of the suspension is calculated as shown in Equation 3.1: 
 
 
Equation 3.1. Concentration of solid in the solution, where mwetcake is the weight of the wet cake and 
Vwater is the volume of water used to disperse the clay. 
 
Equation 3.1 describes the percentage solid concentration for the suspension; 
where mwetcake is the weight of the hydrotalcite wet cake while Vwater is the 
volume of water in which is dispersed.  Following the guidelines for the spray 
dryer, the concentration of the solid in the suspension should be kept low in 
order to obtain better particle size and, depending on the type of material, 
avoid blocking the nozzle. The volume of water was kept constant at 2000 ml, 
in excess. In fact, because the variability of the weight of the wet cake, it is not 
possible to calculate a precise value of the concentration but an approximate 
value. Furthermore, the concentration of solid can be considered always 
extremely low compared with the recommended concentration from Büchi 
itself (1.80-2%).  To explain it better an example will be shown, i.e.:  
 
m (g, wet cake) = 70g   V(ml, water) = 2000ml 
 
 
 
C(recommended by Büchi) = 2%  
 
After the spray drying stage the net mass of the clay is much lower so the 
C(gross, %) becomes, as mentioned in the last paragraph, very low. For 
example: 
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m (g, after Spray Drying) = 10g  V(ml, water) = 2000ml  
 
  
 
C(net,%) C(recommended)   
 
Therefore, due to highly variable weights of the wet cake, it was preferred to 
take constant volume value to ensure the low concentration of the solid in the 
solution and so hopefully a better particle size. In Table 3.10 are shown some 
examples of the variation of the wet cake mass values and calculated 
concentration percentage. 
 
Material m(g, wet cake) Volume(ml) % solid 
Exp1 74.17 2000 3.7 
Exp2 68.59 2000 3.4 
Exp3 57.86 2000 2.9 
Exp4 80.00 2000 4.0 
Exp5 65.90 2000 3.3 
 
Table 3.12. Variability of the wet cake mass values and percentage of solid in the solution. 
 
Material m(g, wet cake) % solid 
Exp1 10.17 0.50 
Exp2 13.15 0.65 
Exp3 11.05 0.55 
Exp4 10.73 0.53 
Exp5 12.54 0.62 
 
Table 3.13. Mass values after spray drying and respective re-calculated solid percentage. 
 
Table 3.13 shows the mass values of solid after the drying procedure. 
Therefore, it is possible to calculate a theoretical percentage solid as given in 
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the example above. Hence, it is demonstrated that the solutions prepared for 
the spray drying experiments were very dilute and so better to achieve a small 
particle size.  
 
Figure 3.5 Example of display of the Spray Dryer: 1) inlet Temperature, 2) outlet Temperature, 3) Set 
the inlet Temperature, 4) Aspiration, 5) Pumping rate.  
 
The instrument needed to be set at fixed values of inlet temperature (Figure 
3.5, 1), aspiration (Figure 3.5, 4), pumping rate (Figure 3.5, 5) and spray flow 
rate. 
The indicator for the spray flow rate is not represented in the picture but it is 
important to control the effective amount of solution inserted in the system 
and the particle size of the final product. Indicatively, the higher the spray flow 
rate the smaller are the clay particles. On the other hand, the higher the 
pumping rate, the lower the outlet temperature, which affects the dryness of 
the final material. The best combination of parameters was found by trial and 
error until the optimum conditions were found.  
In Table 3.14 are the conditions that were found to be optimum for these 
samples: 
 
InLet 
Temperature 
(°C) 
Aspiration (%) 
Flow Rate, 
Height (mm) 
Pumping Rate 
(%) 
220 100 45 45 
 
Table 3.14. Experimental set up of spray drying. 
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The spray flow rate is the amount of compressed air needed to disperse the 
solution. If it is set on 45mm, it corresponds (following Büchi’s guidelines) to a 
performance of 536 litres per hour. 
The pumping rate can be calculated using Equation 3.2, assuming that 100% 
corresponds to 1500ml per hour, as follows: 
 
 
 
Equation 3.2. Pumping rate calculated using fixed flux rate. 
Moreover, 
 
 
 
Equation 3.3. Time of spray drying. 
 
The time for spray drying is very short compared with freeze-drying but similar 
to conventional drying. However, the resultant powder is greatly improved 
compared with the other methods. The effect on morphology will be shown in 
the next chapter. 
 
3.5 Processing of the Polymer/Clay composites 
The processing of the polymer/clay composite gave the opportunity to obtain 
important information about the interaction between the synthesised additives 
and the polymer (PVC).  The clay can be added to the polymer during the 
mixing stage and then processed to obtain samples for characterisation by 
various techniques such as static and dynamic thermal stability. It is also 
possible to monitor any changes in the polymer, such as a colour change, 
during processing. Below is a brief explanation of the formulations used and 
the processing techniques used. 
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3.5.1 Formulations 
Poly(vinyl chloride) is always prepared using special additives which prevent 
the material from degrading during the processing stage and also during later 
use. In order to test the effectiveness of the synthesised clay, formulations of 
poly(vinyl chloride) resin, primary stabiliser and synthesised clay were 
prepared. Hydrotalcite itself cannot act as a primary stabiliser, but in 
combination with the primary stabiliser, Ca/Zn stearate, it gives very good 
heat stability. The formulations were all prepared using a constant amount of 
primary stabiliser, Ca/Zn stearate, and increasing amounts of hydrotalcite. 
Therefore, the dynamic heat stability test results gave an indication of the best 
formulation which was then chosen for further investigation. 
The formulations are listed below in Tables 3.15 to 3.19; all the quantities are 
referred to as PHR or “Part per Hundred Resin”. The first one is the control 
and it is used as a comparison with the other formulations. 
 
Control PHR 
PVC Resin K68 100 
Naftosafe PWX 15860 4 
Stearic Acid 0.2 
 
Table 3.15. Control formulation used for comparison. 
 
The control formulation was prepared by high speed mixing. In subsequent 
formulations the specified amount of hydrotalcite was added by mixing in the 
required quantity in a food blender, which enabled the production of small 
quantities of each formulation. 
The formulations in Table 3.16 were chosen to increase the dosage of 
hydrotalcite (PHHT) from 0.1 to 0.5 in steps of 0.1 phr. Positive results would 
mean that even a low dosage would give a good contribution to enhance the 
thermal stability of the material.  
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FM1 PHR 
PVC Resin K68 100 
Naftosafe PWX 15860 4 
PHHT 0.1, 0.2, 0.3, 0.4, 0.5 
Stearic Acid 0.2 
 
Table 3.16. Formulation with low concentration of hydrotalcite added where PHHT is the pH controlled 
synthesised clay. 
	  
The dosage of stearic acid was kept constant, because it was used as a 
lubricant. However, in the discussion, it will be seen that with a high 
concentration of clay, a higher level of lubricant is preferred. 
The next set of formulations used 1.0 1.5 or 2.0 phr of hydrotalcite (see Table 
3.17). The other additives were kept constant. 
 
FM6 PHR 
PVC Resin K68 100 
Ca/Zn PWX 15860 4 
PHHT 1, 1.5, 2 
Stearic Acid 0.2 
 
Table 3.17. Set of formulation with increased amount of PHHT clay. 
 
Another set of formulations were prepared that contained excess hydrotalcite 
compared with the Ca/Zn stabiliser. Hydrotalcite was added at 5 and 10phr, 
as shown in Table 3.18. 
 
FM9 PHR 
PVC Resin K68 100 
Ca/Zn PWX 15860 4 
PHHT 5, 10 
Stearic Acid 0.2 
 
Table 3.18. Set of formulation with increased amount of PHHT hydrotalcite doubling the phr of Ca/Zn 
stearate. 
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Finally a formulation was prepared by high speed mixing with the amount of 
clay that gave the best thermal stability results. There was insufficient clay to 
prepare formulations by high speed mixing for each separate level because 
for high speed mixing a minimum quantity of material of 2 kg is needed. The 
formulation is summarised in Table 3.19.  
 
Item PHR 
PVC Resin K68 100 
Ca/Zn PWX 15860 4 
Kronos CL-2220 4 
PHHT 1 
Stearic Acid 0.2 
 
Table 3.19. PVC formulation for high speed mixing. 
 
This formulation also included the additive Kronos CL-2220 which is titanium 
dioxide. This additive is generally used to impart whiteness and brightness to 
the material; a property which is especially useful for the static thermal 
stability test where an assessment of the colour is to be made. 
 
3.5.2 High Speed Mixer 
The high-speed mixer was used as a more efficient means of mixing in order 
to prepare formulations with a better degree of dispersion of the additives. 
The machine used was the FM L10 / K23 from Reimelt Henschel 
Mischsysteme Gmbh and is shown in Figure 3.6. The machine is controlled by 
means of the panel situated in the front and indicated in Figure 3.6a. The 
formulation was placed in the main mixing unit (Figure 3.7, 1) and the exact 
discharge temperature was set on the panel on the right hand side of the 
machine (Figure 3.6b, T). This temperature prevented the mixed formulation 
reaching a critical temperature, which in this case was 120°C, irrespective of 
the additives used.  
When the discharge temperature was reached, the material was expelled 
from the adjacent mixing chamber (Figure 3.7b, 3). 
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Figure 3.6. High Speed Mixer from Henschel:  a) the red arrow indicates the control panel. b) where T) 
Discharge Temperature, 1) Main Mixing Unit, 2) Access to the Cooling Unit, 3) Cooling Unit, 4) Final 
discharge. 
 
The first operation after placing the formulations into the main mixing unit was 
to set the speed of the rotor. The n1 and n2 speeds were set respectively at 
1500 and 3500 rpm. The mixer was started at n1 for 1 minute and then the 
speed was switched to n2 until the discharge temperature was reached.  
The set parameters are represented in Table 3.18; the maximum mass of 
material allowed in the main mixing chamber was three kilograms. 
 
n1 Speed (rpm) n2 Speed (rpm) Discharge Temp. (°C) 
Max Mass of Mix 
(kg) 
1500 3500 120 3 
 
Table 3.20. Parameters set for the Henschel mixer. 
 
In a typical run, the discharge temperature was reached after 15 minutes 
whereupon the material was automatically expelled from the main unit to the 
cooling unit (Figure 3.6b, 3) via the access in the back of the chamber (Figure 
3.6b, 2). The set speed in the main unit was then switched to n1, helping the 
remaining material to move downwards. The temperature of the cooling unit 
was followed on the control panel. When the temperature approached room 
temperature it was possible to open the access in the bottom of the machine 
(Figure 3.6b, 4) where a bucket was placed to gather the mixed powders. The 
b) a) 
                                                                                      Chapter 3 - Experimental Methods 
	  
[116]	  
	  
rotor in the cooling unit was stopped when all the material was expelled from 
the chamber, thus emptying it completely.   
After every mixing session the mixer was thoroughly cleaned in order to avoid 
the possibility of cross contamination with different additives. 
 
3.5.3 Two-Roll Mill 
The milling was done using a two roll mill (JBT Engineering), which is shown 
in Figure 3.7.  
The ratio, speed and roller temperature were set using the panel on the front 
as shown in Figure 3.7, 1. The temperature was first set to the required value 
and the machine left for one hour to reach the target temperature. In Table 
3.21, are shown the set parameters of the roll mill.  
 
Rolls Temperature 
(°C) 
Rolls Speed (rpm) Rolls Ratio 
155-160 30 20 
 
Table 3.21. Set parameter for roll mill. 
 
 
 
Figure 3.7. Two Roll Mill machine. 
 
The machine also displays the distance between the rolls that can be set 
(Figure 3.7, 3). After the machine had been switched on and the parameters 
set, a maximum weight of 200 grams of pre-mixed material was added 
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between the rolls (Figure 3.7, 4) from the top. The operator needs to let the 
material stick to the front roll for a maximum time of 1 minute. After that, the 
sheet was partially cut four times, folding and unfolding it. When this stage is 
complete the sheet was completely cut, removed from the instrument and 
placed on a clean surface.  
 
3.5.4 Preparation of the Samples for Compression Moulding  
The samples for compression moulding were obtained from the sheets 
previously roll-milled and shaped to 15 cm by 15 cm squares (Figure 3.8).  
The two squares were placed one top of each other paying attention to the 
orientation. As described in Figure 3.9, the sheets were oriented 
perpendicular to each other to minimise the creation of imperfections during 
the compression moulding.   
 
 
 
Figure 3.8. Layup of PVC samples in the form of 15x15cm squares, showing the different orientation of 
the material. 
 
The sample was placed in a mould as shown in Figure 3.9; it can be seen that 
the material was pressed between two foils of insulating material (Melinex®) 
and the steel mould. The two arrows indicate the pressure applied on the 
sample. The insulating sheets are necessary to avoid poly(vinyl chloride) 
sticking to the walls of the mould. The melting temperature of the insulator 
was around 250°C and therefore much higher than the compression moulding 
temperature. 
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Figure 3.9. Representation of the PVC sample in the mould. 
 
3.5.5 Compression Moulding  
The compression moulding was done by using a hydraulic press, which is 
shown in Figure 3.10. 
Initially, the temperature was set to 195°C using the two panels (for each 
pressing plate, Figure 3.10, 1). After the temperature was reached, the mould 
containing the material was placed between pressing plates (Figure 3.10, 2). 
A timer (Figure 3.10, 3) was started and a pressure of 2 tons was applied, as 
displayed on the manometer (Figure 3.10, 4).  The sample was left for five 
minutes at low pressure, between 2-4 tons; then increased to eighteen tons 
for another five minutes. The residence time between the plates did not 
exceed 10 minutes.  
Tables 3.22 and 3.23 show the parameters of the two stages of the 
compression moulding.   
 
Pressure (tons) Temperature (°C) Time (min) 
2-4 195 5 
 
Table 3.22. First stage of the compression moulding. 
 
Pressure (tons) Temperature (°C) Time (min) 
18 195 5 
 
Table 3.23. Final stage of the compression moulding. 
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An additional and identical press was used to cool down the mould after the 
compression. The other press was used with water passing through the plates 
to cool the sample down much faster. The pressure applied to the mould is 
only two tons. Once the quenching process was finished the sample was 
removed from the mould and was ready for subsequent testing.  
 
 
 
Figure 3.10. Compression moulding instrumentation. 
 
3.6 Assessment of the Thermal Stability 
An important stage of the project was the evaluation of the improvement of 
thermal stabilisation of PVC achieved by the synthesised clay. Two methods 
were used: dynamic and static heat stability measurements. The dynamic 
method involves using a torque rheometer. The PVC formulation is placed in 
the instrument chamber and mixed using rotors at a set temperature. The 
static method involved the use of an oven, set at a particular temperature, in 
which the materials are placed and then removed at precise intervals. The 
thermal stability is assessed according to the colour of the samples. 
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3.6.1 Dynamic Thermal Stability Test 
As described above the dynamic thermal stability tests were conducted using 
the Haake PolyLab Mixer - Rheomix 600p (Figure 3.11). PVC formulations 
containing the synthesised hydrotalcite at different concentration were tested. 
The Rheomix 600p is a well-established instrument to test thermal 
degradation, viscosity and melt properties of the materials; the main technical 
specifications are indicated in Table 3.24. 
 
 
 
Figure 3.11. Haake PolyLab mixer – Rheomix 600p. 
 
Item Rheomix 600p 
Chamber Volume 120 cm3 
- with rotors 69-90 cm3 
Material Stainless Steel DIN 1.4301 
Gear Ratio 3:2 
Max Speed 250 min-1 
Max Torque 160 Nm 
Max Temperature 400°C 
Temperature Control 3 Electric Heating and Air Cooling  
 
Table 3.24. Technical specifications for the Haake PolyLab mixer. 
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The rotors can be chosen with different geometry but for PVC the roller rotors 
were used. The instrument is controlled by software and all the parameters 
such as type of rollers, temperature, speed and time of the experiments are 
set at the beginning of the trial. When the target temperature is set, the 
operator can start the heating. Three different temperatures are shown on the 
monitor, representing the three different heating stages. 
As soon as the set temperature is achieved, the instrument can be calibrated. 
Calibration takes place in a few seconds: the rotors are rotated to set the zero 
torque. When the motor is started the rotors will rotate and the torque versus 
time will be shown on the monitor. The formulation is then added quickly using 
the cone inserted to the top of the heating stage; activating a hydraulic 
cylinder the sample is then pressed firmly inside the chamber, preventing a 
leak from the top. 
A typical experiment runs with a defined rotor speed and the torque is then 
recorded by the sensors and shown on the screen. All the thermal stability 
experiments were run with the follow settings (Table 3.25).  
 
Type of 
Rotors 
Rotor speed 
(rpm) 
Time (min) 
Temperature 
(°C) 
Weight of 
Sample (g) 
Roller 40 30 180 67 
 
Table 3.25. Rheomix settings. 
 
The software interface is shown in Figure 3.12, which shows a typical 
example of an experiment. The graph shows the evolution of torque versus 
time and the degradation peak (Figure 3.12, 4). The control panel on the right 
shows the monitoring the temperature read by the sensors (Figure 3.12, 2) 
and the progression of time (Figure 3.12, 1). All the data are recorded in a 
table and then exported into Excel for easy handling and manipulation (Figure 
3.12, 3). 
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Figure 3.12. Software interface of the Rheomix 600p. 1) Time and Speed Rate control, 2) Temperature 
set of the three heating stage, 3) Data Table, 4) Graph, i.e. Torque and Temperature vs Time. 
 
An example of what the final graph will look like is given in Figure 3.13. It can 
be seen that the curve has two characteristic peaks, indicated by the dashed 
lines. The first peak indicates the gelation of the Poly(Vinyl Chloride):  tgelation 
is the time at which gelation occurs. As soon as the melt is formed, the value 
of the torque drops and is steady at the value, Mmelt. The torque value starts 
to rise again when the degradation of the polymer starts to occur. This point is 
taken as the time to degradation, i.e. tdegradation.  
When Poly(vinyl chloride) undergoes thermal degradation the C-Cl bonds 
(weaker than C-C and C-H) start to break down with a consequent release of 
HCl. The acid is corrosive for the instrumentation and irritant for the operators, 
so good ventilation is required. When acid is released the formation of 
polyenes occurs. Therefore, once the material starts to degrade the colour 
shifts from white to yellow to brown and then black because of the UV 
absorption properties of the conjugated bonds (polyenes). After the tdegradation, 
the colour of the polymer will be completely black as shown in the Figure 3.13. 
For a more detailed explanation PVC thermal degradation see Section 2.1.3.  
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Figure 3.13. Example of graph output from the Rheomix 600p. Arrows indicate: Mmelt, as the steady 
torque of the melt, tgelation, as the time of gelation of the product and tdegradation, as the time at which 
degradation starts to occur. The black arrow shows how PVC looks after the degradation. 
 
3.6.2 Static Thermal Stability Test 
The static thermal stability test is used to assess the degree of degradation in 
poly(vinyl chloride) by heating samples for a specified time and then 
comparing the colour of the test samples. The method is mainly visual and is 
conducted always at the same condition and with the same instrumentation.  
The test samples are Poly(vinyl chloride) squares of size 2cm x 2cm, which 
have been previously roll milled and compression moulded. The samples are 
wrapped in aluminium foil to avoid the leakage of HCl, which could catalyse 
further degradation in the adjacent samples. The heating is provided by an 
oven kept at stable temperature. A thermometer is inserted into the oven to 
compare the temperature given by the digital sensor. The conditions of the 
test are shown in Table 3.26  
 
Temperature (°C) Total Time (min) 
Frequency of Removal 
(min) 
180 120 10 
 
Table 3.26. Conditions of the static thermal stability test. 
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The samples are placed in the oven and every ten minutes one is taken out. 
The test is very simple but effective because it gives an indication of when 
degradation starts and how effective is the thermal stability of PVC containing 
the synthesised additives compared with commercial products. In Figure 3.14 
can be seen an example of the thermal test and the variation of the colours 
with the time. Moreover, the difference between the formulations of poly(vinyl 
chloride) is also evident. 
The static method is then compared with the results of the Rheomix 600p and 
the consistency of the data will be discussed.  
 
 
 
Figure 3.14. Example of Static Thermal Stability Test 77. 
 
3.6.3 Preparation of the Samples 
The samples for both methods, static and dynamic, do not require special 
treatment. However, the polymer needs to be processed into sheets in the 
case of the static test, whereas for the dynamic test a powder dry blend is 
used.  
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3.6.3.1 Preparation for Dynamic test 
The advantage of the analysis using an instrument such as the Rheomix 600p 
is that the formulations can be tested with no need of previous processing. 
The difference between the samples is only the amount of additives, the 
additives themselves and the type of mixing used. Therefore, in terms of 
preparation, the mixing stage was the most important and two ways were 
experimented with. In the first method a basic formulation, with poly(vinyl 
chloride), Ca/Zn stabiliser and stearic acid, was previously blended in a high 
speed mixer. Subsequently, before the session on the Rhoemix 600p, the 
synthesised clay or other additives are added. Therefore, the mixing of the 
additives in the PVC formulation is only done on the rotor of the rheometer, 
(i.e. during the dynamic heat stability test). 
The second method is based on the addition of all the additives during the 
high speed mixing stage, which theoretically gives a more homogeneous 
dispersion. The latter method should improve the break down of the 
agglomerated additives and give better dispersion of the clay inside the 
polymer matrix. 
 
3.6.3.2 Preparation for Static test 
The samples for the static tests were cut out from sheets produced using two 
roll milling and compression moulding. After the polymer was moulded, the 15 
cm x 15 cm squares were cut into smaller 2 cm x 2 cm squares. 
The samples were then covered in aluminum foil, placed on a tray and then 
into an oven at a temperature of 180°C.  
 
3.7 Characterisation 
 
3.7.1 Differential Scanning Calorimetry 
The thermal analysis was conducted using the Thermal Solutions 2010 
Differential Scanning Calorimeter and relative software for data acquisition. 
After the curve has been obtained, the Universal Analysis 2000 software was 
used for the manipulation of the data. A sample of weight between 10 - 15 mg 
was weighed and put in an aluminium pan with lid. The clay samples were 
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heated from around 40°C to 350°C at 20°C per minute (upper limit for the 
instrument). The PVC composites samples were instead heated up to 240°C 
using a temperature rate of 20°C per minute. 
 
	  
Figure 3.15. Example of DSC thermogram for a PVC sample. 
  
3.7.2 Thermal Gravimetric Analysis 
A Hi-Res Modulated TGA 2950 thermo gravimetric analyser was used with 
20mg of hydrotalcite sample. The analysis was conducted at 20°C/min in 
nitrogen atmosphere. 
 
3.7.3 X-Ray Diffraction Analysis  
The X-Ray diffraction spectra were collected on a Brucker D8 diffractometer 
using standard Cu-Kα radiation (λ = 1.542 Å). The diffractometer was 
controlled using Diffrac Plus XRD Commander and EVA software for the data 
manipulation. 
 
3.7.4 Scanning Electron Microscopy 
A Leo 1530 VP FEGSEM was used to obtain high magnification micrograph of 
the latter materials. 
All samples were mounted on a half-inch diameter stub.  
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3.7.5 X-ray Photoelectron Spectroscopy 
An ESCALAB 5 provided by VG Scientific Limited and fitted with ESCA (XPS) 
with twin anode (Al/Mg) standard X-Ray source was used. Due to the high 
affinity with water and thus its adsorption, all the samples were left under 
vacuum for more than 24 hours to eliminate as much water as possible. 
 
3.7.6 Contact Angle 
Dataphysics Instruments OCA-20 has been used in combination with SCA20 
software for drops analysis. Every sample has been pressed under 8 ton 
pressure for 5 minutes. The 2 centimeters discs were placed on the 
instrument. The water drops of volume of 1µL were released on the sample 
and analysed with the SCA20 software. 
 
3.7.7 X-Ray Fluorescence Spectroscopy 
The samples were dried overnight at 105°C before analysis. Loss of ignition 
was determined after 1 hour at 1050°C. Fe2O3t represents total iron 
expressed as Fe2O3.  SO3 represents sulphur retained in the fused bead after 
fusion at 1200°C for all samples except ‘pH Controlled HT’ which was fused at 
1050°C due to its high sulphur content.	   Tests marked UKAS in the above 
table are included in the UKAS Accreditation Schedule for this Laboratory; 
those marked N are not.   
The following table 3.25 shows the determinants and test methods. The 
analyses were conducted by the British Geological Survey. 
 
Determinants Test Method Procedure Notes 
Loss on Ignition (LOI) Physical measurement AGN 2.1.3 
UKA
S 
SiO2, TiO2, Al2O3, Fe2O3t, 
Mn3O4, MgO, CaO, Na2O, K2O, 
P2O5, Cr2O3, SrO, ZrO2, BaO 
WD-XRFS fused glass 
beads 
AGN 
2.1.4 
UKA
S 
SO3, NiO, CuO, ZnO, PbO WD-XRFS fused glass beads  N 
	  
Table 3.27. Determinants and Test Methods for XRF analysis 
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3.7.8 Carbon-Hydrogen-Nitrogen - Elemental Analysis 
A PerkinElmer 2400 series Elemental Analyser was used to investigate the 
CHN weight percentage of modified and un-modified clay samples at 900°C in 
pure oxygen atmosphere. The samples were placed in aluminium vials, were 
inserted in the combustion zone of the instrument. The system uses 
separation column for the gases, which are then sent to a thermal conductivity 
detector. Usually the CHN weight percentages are reproducible to within ±0.3 
% accuracy.  
 
3.7.9 Surface Area Measurement 
A micrometrics TriStar surface analyser was used to measure nitrogen 
adsorption/desorption isotherms at 77 K.  
The TriStar 3000 Analyser uses physical adsorption and capillary 
condensation principles to obtain information about the surface area and 
porosity of a solid material. A sample contained in an evacuated sample tube 
is cooled to cryogenic temperature and then is exposed to analysis gas at a 
series of precisely controlled pressures. With each incremental pressure 
increase, the number of gas molecules adsorbed on the surface increases. 
The equilibrated pressure (P) is compared to the saturation pressure (Po) and 
their relative pressure ratio (P/Po) is recorded along with the quantity of gas 
adsorbed by the sample at each equilibrated pressure. 
 
Samples were outgassed overnight at room temperature on circa 0.2-0.3 
grams of samples to remove molecular water and other atmospherical 
contaminants. Brunauer-Emmet-Teller (BET) theory was used to calculate the 
specific surface area of the clay samples. 
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Chapter 4  
Results and Discussion 
Calcination and Modification 
 
4.1 Introduction 
The first section of this chapter describes the preliminary studies on the 
commercial grades of hydrotalcites in order to characterise the commercial 
material and to have a reliable set of data with which to compare for the 
laboratory-made clays. Qualitative analysis, such as XPS, was carried out to 
assess the commercial products. X-Ray diffraction patterns were obtained to 
establish a standard pattern and compare the commercial hydrotalcite with 
literature values. Also, contact angle experiments were carried out to establish 
whether the commercial materials might be coated with a hydrophobic agent, 
such as stearic acid, or another surfactant.  
The second section discusses calcination experiments carried out with 
commercial grade hydrotalcite. 
The third section discusses experiments carried out to modify the calcined 
clays to produce intercalated clay composites using different surfactants. 
 
4.2 Characterisation of the Commercial Products 
X-ray photoelectron spectroscopy was used at the start to assess the 
commercial grades and investigate possible differences between them. The 
high content of absorbed water in the hydrotalcite made this analysis difficult 
to run. The samples needed almost three days under vacuum to be ready for 
the XPS. Figure 4.1 shows the whole XPS pattern of Sorbacid and Alcamizer, 
while Table 4.1, shows the standard energies of the main elements 
composing the samples. There are no major differences in the spectra 
although the most interesting part of the spectrum can be seen in Figures, 4.2 
and 4.3, where the area between 0-200 eV is enlarged. 
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Figure 4.1. XPS patterns of different commercial hydrotalcite. 
  
ELEMENTS	   Standard	  Peaks	  (eV)	  
O(2s)	   23.1	  
Mg(2p)	   49.8	  
Al(2p1)	   73.2	  
Mg(2s)	   89.1	  
Al(2s)	   117.9	  
	  
Table 4.1. Table of standard peaks of elements present in the hydrotalcite. 
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Figure 4.2. XPS patterns of Alcamizer MHT-PD  (Area between 0-200eV). 
Compared with Table 4.1, the energies of the elements present some small 
differences but nothing conclusive. There are mainly shifts toward higher 
energy, i.e. for oxygen (first peaks Figures 4.2 and 4.3) and others, except 
Mg(2s), having a value corresponding to the standard energy. 
The energy of the Al(2p) should be the energy corresponding to a octahedral 
configuration (73.2 eV). The values are slightly shifted towards higher binding 
energy values, especially for Sorbacid (Figure 4.2) where the energy is very 
close to the energy of a tetragonal configuration (74.1 eV). This is probably 
due to the variation of the other energies or the water content that can cause 
a different interaction in the lattice. An easier explanation might be found in 
the small presence of zinc inside structure: the different zinc ratio plus 
experimental error can change the other energies. However, the presence of 
zinc is almost undetected but it is asserted by the companies119.  
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Figure 4.3. XPS patterns of Sorbacid911  (Area between 0-200eV).	  
Another interesting experiment is the contact angle measurement of the 
commercial clay. This analysis was necessary to understand whether the 
material was covered with organic compatibiliser or not. Figure 4.4, shows the 
perfect shape of the water drop on the surface of the Alcamizer P93 disc (2 
cm in diameter x 0.15 grams). The water drop stays on the surface of the disc 
because of the hydrophobic coating dispersed on it, i.e. the contact angle 
between the water and the surface of compacted clay particles is greater than 
90°. 
 
 
Figure 4.4. Example of a perfect water drop on the Alcamizer P93 surface. 
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4.3 Calcination  
Following the preliminary tests, the materials were tested to confirm the 
memory effect of hydrotalcite.  The temperature of calcination was determined 
from thermo-gravimetric analysis (TGA) of the commercial products (Figure 
4.5). It can be seen that all the clays have two characteristic transitions: the 
first is around 200-250°C (depending on the material) and is the dehydration 
stage; the second, from 450°C, is the decomposition step, which involves loss 
of the guest anion.  
Table 4.1 shows the weight loss of commercial hydrotalcites at three 
temperatures: 250°C, 450°C and 800°C, during thermogravimetric analysis.  It 
is also possible to see how the content of water can vary between commercial 
grades. Samples such as Alcamizers and Sorbacid 911 have a sharp change 
in weight during the first stage. It can be argued that the interlayer water in 
those samples is more tightly bound in the structure and its loss begins only 
when threshold energy is reached in the system, releasing the water faster.  
	  
Figure 4.5. Thermogravimetric analysis of commercial products. 
 
By contrast, the water in the Sorbacid 939 is released at a lower temperature 
and more slowly than that of the other samples. However, the weight loss at 
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450°C due to the second step, decarboxylation, is lower than that of the other 
samples. The calcination of hydrotalcite is conducted at 450°C: a higher 
temperature would completely and irreversibly destroy the structure, leaving 
the material as a mixture of spinel and magnesium oxide. Figure 4.6 shows 
the hydrotalcite clay after calcination. 
	  
Materials	   %Wloss	  at	  250°C	   %Wloss	  at	  450°C	   %Wloss	  at	  800°C	  
Alcamizer	  MHT-­‐
PD	  
15.0	   37.0	   46.4	  
Alcamizer	  P93	   15.0	   33.1	   40.7	  
Sorbacid	  911	   15.0	   38.7	   47.3	  
Sorbacid	  939	   12.0	   32.5	   41.3	  
	  
 
Table 4.2 Weight loss of commercial hydrotalcites at different temperatures during thermogravimetric 
analysis. 
 
Following the previous tests, the commercial hydrotalcite, Alcamizer P93, was 
calcined at 450°C for 4 hours to give the metal oxide, which was then added 
to deionised water and stirred for 24 hours at room temperature. The product 
was centrifuged and dried for 3 hours at 80°C. This method demonstrates the 
so-called "Memory Effect" of hydrotalcite. The material obtained seems to 
have a memory of its previous structure and recovers the water and carbonate 
lost during the calcination stage. Furthermore, it is also referred to as re-
hydration because there is enough water to reform the clay. The X-Ray 
Diffraction spectra show the comparison between the calcined clay and the 
calcined clay after the re-hydratation stage, suggesting that the clay lattice 
has been completely reconstructed (Figure 4.7). 
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Figure 4.6. SEM micrograph of calcined Alcamizer grade. 
	  
Figure 4.7 XRD patterns of calcined Alcamizer MHT-PD and calcined Alcamizer MHT-PD after re-
hydration. 
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The XRD diffractogram shown in Figure 4.8 represents one of the commercial 
grades of hydrotalcite, Alcamizer P93. It can be seen that main reflections of 
the hydrotalcite (previously shown in Figure 4.7) are present. This trace will be 
used as a standard with which to compare diffraction traces of clay that has 
been calcined and subsequently modified with surfactant. The modification of 
the clay with the surfactant should modify the main reflection of the clay; in 
fact, when an anion, bigger than the original interlayer molecule, is introduced 
between the layers, then a change in the ‘d’ spacing is produced. Therefore, if 
the molecule is much bigger than the original interlayer anion, it will produce 
an increase in the distance between one layer and another. The effect on the 
XRD patterns should be shown as a shift of the main reflection toward smaller 
angles.  Using the Bragg's Equation (Equation 4.1) is possible to calculate the 
extent of the intercalation and the increase in ‘d’ spacing.  
 
	  
Figure 4.8. XRD pattern of commercial hydrotalcite grade, Alcamizer P93. 
 
Equation 4.1 below gives useful information about the occurrence of 
intercalation. Therefore, regarding hydrotalcite, when the intercalated 
composites are produced, the main reflection of the x-ray pattern is expected 
to shift below 2Θ = 10° and produce a "d" spacing greater than approximately 
0.76nm (7.6 Å) which is the 003 spacing in hydrotalcite.  
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n= integer determined by the order given 
λ= wavelength of the X-ray 
d= `d`spacing between the planes in the atomic lattice 
θ= angle between the incident ray and scattering planes 
 
Equation 4.1. Bragg's equation, used to calculate d spacing and intercalation. 
 
The diffractograms shown below represent the composites and in their 
comparison much attention will be given to the reflection shift, i.e. the increase 
in the interlayer spacing (Figure 4.9). The modification has been conducted 
using the surfactants described in sections 3.1 and 3.3; the results are 
discussed in the next section for each material.  
 
	  
	  
Figure 4.9. Schematic diagram to illustrate surfactant intercalation into hydrotalcite structure.  
 
4.4 Modification with Surfactants 
 
4.4.1 Sodium Dodecyl Benzyl Sulphonate 
The first composite to be analysed was hydrotalcite with SDBS (sodium 
dodecyl benzyl sulphonate). Composites were prepared by calcining the 
hydrotalcite and re-hydrating in water containing the surfactant solutions, as 
previously explained in Section 3.2.2. Figure 4.10 shows the composite 
material compared with the original surfactant. It can be seen from Figure 4.10 
that the two patterns are alike and the position of the main reflection peak is 
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the same for both. This is suggesting that modification of the pristine 
hydrotalcite resulted in little or no intercalation with sulphonate-based 
surfactant. The two arrows in the figure are showing small shoulders that 
cannot be enough to represent any intercalation or reconstruction (shown 
better in Figure 4.10). Furthermore the other reflections in the pattern are not 
present or they have very low intensity, suggesting no intercalation and also 
no reconstruction. 
Figure 4.11 shows the comparison between the pattern of commercial 
hydrotalcite, surfactant and composite. The diffractograms were scaled 
because of the stronger signal for the commercial clay. The main reflection in 
Alcamizer P93 is the peak at the angle of 11.72° (0.755nm, black arrows); 
Figure 4.11 shows that there is a small peak at the same angle for the 
composite (Figure 4.11, black arrow) but the intensity is very small and the 
peak broader. As explained before, this is cannot be accounted for either as 
intercalation or reconstruction. In Figure 4.11, this point is clearly shown, 
because of the comparison with the commercial grade; in fact, the main 
reflections of the clay are not entirely visible in the pattern. Therefore, it seems 
that the presence of the surfactant in solution is an obstacle for the memory 
effect and this is confirmed by Figure 4.10, which shows the two patterns of 
surfactant and clay composite.  The materials are very similar, same ‘d’ 
spacing, same two main reflections but the difference is the peak at 20°, 
which is not present in the composite material. Therefore, it can be concluded 
that the composite is not only surfactant but it suggests that the hydrotalcite 
composite is made of mixed oxides and the surfactant.  
The micrograph in Figure 4.12 shows the morphology of the composite; it is 
quite clear that the material is covered with the surfactant and the platelets are 
not visible. 
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Figure 4.10. XRD pattern of hydrotalcite, Alcamizer P93 and SDBS.	  
 
Figure 4.11. XRD pattern of the SDBS composites and pristine Alcamizer P93 materials. 
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Figure 4.12. SEM micrograph: SDBS – Calcined Alcamizer P93  composite. The scale is 10µm. It shows 
that the small calcined hydrotalcite particles are coated by the SDBS. 
 
 
4.4.2 Poly(Vinyl Alcohol) 
Poly(vinyl alcohol) has little environment impact and it is reasonable to expect 
it to intercalate with clay minerals, if a suitably low molecular weight material is 
used. However, experiments carried out with poly(vinyl alcohol) from high 
amounts  (70% by weight in 30% of the clay) to low amounts (30% in 70% of 
clay) amount of surfactant showed no intercalation (Figure 4.13).  On the 
contrary, the main reflection of the clay seemed to perfectly overlap the 
pristine hydrotalcite pattern; however, as happened for the previous samples, 
the presence of the surfactant in the solution affected the reconstruction of the 
clay.  
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Figure 4.13. XRD pattern of PVA – Calcined Alcamizer P93 composite compared with commercial clay. 
 
The micrograph of the composites, as shown in Figure 4.14, reveals 
agglomerates of the classical hydrotalcite particles, which are clearly visible.  
This contrasts with the hydrotalcite-SDBS composite shown in Figure 4.12, 
where the particle surfaces appear to be coated with the surfactant. The 
presence of the surfactant has inhibited the reconstruction of the clay but, as 
is possible to see from the SEM micrograph, even at such low crystallinity the 
platelets are recognisable. 
The morphology of the particles is similar to that of the calcined clay shown in 
Figure 4.6; in fact, this suggests that the particles of calcined clay are only 
partially reconstructed (Figure 4.13) and poly(vinyl alcohol) works as an 
adhesive; therefore, agglomeration of the clay occurs by the intrinsic polar 
character of the surfactant that drives the platelets together, forming bigger 
flakes (Figure 4.14).  
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Figure 4.14. SEM micrograph of Poly(Vinyl Alcohol) – calcined Alcamizer P93 composite.	  
 
4.4.3 Lanphos® 
A similar outcome was found for Lanphos® composites. A series of samples 
were prepared using different volumes of surfactant (10% - 50% of the total 
volume) and constant weight of clay (1 gram). The surfactant solution was 
heated up to 70°C to help dispersion in the water. The same procedure was 
followed for the clay solution. The surfactant solution was then added to the 
clay and left to stir. The temperature was kept at 70°C until the clay had 
completely dispersed. However, the experiments with the highest 
concentration failed because of the high viscosity of the surfactant solution; 
therefore, it was not possible to use a high amount of the surfactant. The 
diffractograms of the composites are shown in Figure 4.15, showing the same 
amorphous pattern as the calcined hydrotalcite.  
Using different times of modification did not produce crystalline samples. After 
24 hours, only the clay produced using 50% in volume of surfactant showed 
two shoulders in the diffraction pattern, around 10° and 30° 2Θ angles. 
However, the patterns generally represent a completely amorphous structure 
and no sign of order is displayed. The micrograph image shown in Figure 4.16 
represents undefined agglomerates of tiny particles, probably agglomerates of 
the calcined clay.  
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It can be seen that every surfactant used gave a different outcome in terms of 
morphology and XRD patterns. An explanation could be due to the size of the 
molecules of sodium dodecyl benzyl sulphonate and poly(vinyl alcohol). Even 
if they were not intercalated, it is possible that the smaller dimension 
(compared with the phosphor-based surfactant) was not an obstacle to the 
clay reconstruction. This is suggested by the small composites peaks in 
Figures 4.11 and 4.12. 	  
	  
Figure 4.15. XRD pattern of Lanphos®– calcined Alcamizer P93 composites, compared with different 
amount of surfactant. The amorphous pattern of both composites can be seen.	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Figure 4.16. SEM micrograph of the Lanphos® – calcined Alcamizer P93 composite.	  
	  
4.4.4 Sodium Stearate 
The last composites to be analysed in this section are the calcined clays 
modified with sodium stearate. Those samples were obtained using a solution 
of sodium stearate and water, heated up until complete dispersion of the 
surfactant had been achieved. Another solution of clay and de-ionised water 
was prepared and left to disperse. The two solutions were then mixed and left 
stirring overnight.  
The concentrations of the surfactant were chosen at 0.1M and 0.03M because 
at higher levels, the clay plus surfactant solutions were too viscous to obtain a 
processable sample. This problem was probably due to the difficulty of 
completely dispersing hydrotalcite in water and its inability to swell in solution 
compared with cationic clay (i.e. bentonite and montmorillonite). 
Two samples were made with surfactant levels of 0.1M and 0.03M 
respectively, as explained in section 3.2.2. It can be seen that StHT0.1 (higher 
concentration of surfactant) shows a peak at 11.6°. This corresponds to a ‘d’ 
spacing of 7.6 Å or 0.76 nm (Figure 4.17). This is the basal reflection for 
hydrotalcite (003). There is no evidence of this peak in the blank sample of 
sodium stearate (Figure 4.17, dotted line).  
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The sample stHT0.1 has a peak before the basal reflection [003], at 10.28°, 
which is matching the reflection due to sodium stearate. The dashed line 
perfectly shows the peak of the sodium stearate and composite in Figure 
4.17. The structure of the clay was partially reconstructed in the sample 
StHT0.1 as shown by the sharp [003] signal. Furthermore, the partial 
reconstruction of the clay is indicated by the two peaks after 60° which are 
characteristic of the 3D structure of the clay and represent the 110 and 111 
planes respectively (see Figure 4.17, circle); the surprising evidence is that it 
is shown only in the StHT0.1 sample.   
 
Figure 4.17.  XRD pattern of sodium stearate / clay composites compared with the commercial stearate 
and the two 110, 111 diffraction peaks of Hydrotalcite. 
 
By comparison, at first look, the lower surfactant composites (StHT0.03) 
appears to be neither intercalated by the stearate nor allowing the clay to 
recover its crystalline hydrotalcite structure. However, in Figure 4.18 is shown 
the interval between 5-15°, which explains some results.  
First of all, the peak at 9.52° (corresponding to 0.94 nm) appears not to be 
shown by the other samples and most importantly, by the blank sodium 
stearate sample.   
[003]	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Secondly, the peak at 5.76° (1.5 nm, dashed circle), which is shifted to lower 
angle, compared with the 6.16° (1.4 nm) of the sodium stearate (Figure 4.18, 
arrow). The difference is approximately 0.1 nm or 1 Å, which is not still easily 
noticeable. The intensity of the peak is very low compared with the other 
peaks but it seems that while the clay was rearranging, a minor quantity of 
surfactant managed to be intercalated in the structure; thus, producing the 
small shifts. This is also suggested by the small shoulder appearing next to 
the peak at 6.16° in the sample StHT0.1 (Figure 4.18, dotted line) 
 
Figure 4.18. XRD pattern of stearate – calcined Alcamizer P93 composites compared with blank Sodium 
Stearate pattern. This diffractogram enlarges the area between 5-15° sodium stearate composites. The 
dotted line is showing the shoulder next to the stearate peak. 
 
As mentioned before, the presence of reflections below approximately 6° was 
not found in the sodium stearate samples; however, the composite with lower 
concentration of surfactant, StHT0.03, shows a shift to lower angle and the 
StHT0.1 sample shows a shoulder appearing at lower angles and exactly 
coincident with the one of StHT0.03 (Figure 4.18, dotted line). Another 
interesting point is shown in Figure 4.19, which is shows the interval between 
15-30° and a reflection at 21.04° (Figure 4.19, dashed circle) in the pattern for 
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StHT0.03 which is not present in the other patterns. This reflection can be 
recognized as the [006] of pristine hydrotalcite and previously described in 
Figure 4.7. However, the sample StHT0.1, at higher concentration of 
surfactant shows a sharper peak at 23.28° (Figure 4.19, arrow) which is 
sufficiently close to being a sodium stearate reflection. Figure 4.19 shows that 
this is similar to the blank sodium stearate trace although there is no evidence 
of the other peak. 
	  
 
Figure 4.19. XRD pattern of sodium stearate composites and blank sodium stearate, (interval between 
15-30°). The dashed circle represents the StHT0.03 reflection, which is not evident in the other patterns. 
The sodium stearate peaks are represented by the dashed arrows. 
 
The samples StHT0.03 seemed to have some indication of partial 
intercalation but compared with StHT0.1, less evidence of reconstruction of 
the hydrotalcite structure. Especially, the reflections around 60° are missing, 
which suggests that formation of a three-dimensional structure is lacking. 
Furthermore, the intensity of the reflections was very low, suggesting low 
order in the structures. The morphological analysis was carried out with a 
scanning electron microscope, which showed the clay and a high 
concentration of particle agglomerates (Figure 4.20 and 4.21). The platelets 
are not recognisable from the starting material (Figure 4.6) or from the 
previous composite micrographs. The particles are made of agglomerates of 
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platelets and can be as large as 10µm. The micrographs are not shown as 
clear images because the samples kept moving under the electron beams 
even at 5 kV, which resulted in a blurred image.  
Although hydrotalcite is normally heavily agglomerated, it is clear from the 
micrograph in Figure 4.20 and 4.21 that the surfactant has a critical effect on 
the final specimens. The presence of the surfactant is still influencing the XRD 
pattern despite the samples having been repeatedly washed with ethanol, 
subsequently filtered and washed again. 
	  
	  
Figure 4.20. SEM micrographs of Clay/Sodium Stearate composites with loadings of 0.03 M. 
	  
Figure 4.21. SEM micrographs of Clay/Sodium Stearate composites with loadings of 0.1M. 
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Figure 4.22 shows as a comparison a micrograph of the commercial 
Alcamizer P93; it can be seen that the particles have a different shape and 
the agglomeration is much reduced. The particles are distinguishable and it 
can be observed that many are under one micron. 
 
	  
Figure 4.22. SEM micrograph of Alcamizer P93  
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4.5 Overall Conclusion: Calcination and Modification 
Hydrotalcites were calcined, and then reconstructed using the so-called 
‘memory effect’. At the same time surfactant was introduced to try to produce 
an intercalated clay structure. The clay was then characterised to study the 
modification in its structure. The main conclusions can be summarised as 
follows: 
 
• The memory effect of hydrotalcite was investigated and it has 
proven that re-crystallization does occur.   
• Modification in an attempt to intercalate different surfactants was 
carried out but little or no intercalation was achieved.  
• High viscosity in some surfactants prevented the modification of 
the clays. 
• The anionic clay seemed much more difficult to intercalate 
compared with the conventional cationic clays (e.g. 
montmorillonite). This was thought to be due to the stronger 
ionic bonding in these clays. 
• Agglomeration was found in every sample, which suggested a 
better drying process was needed. 
• It was concluded that synthesis of the clay, rather than 
calcination and then modification, would be a better option to 
produce an ultra fine powder.  
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Chapter 5 
Results and Discussion 
Hydrotalcite Synthesis Methods 
 
5.1 Introduction 
This chapter discusses the results from the different hydrotalcite synthesis 
methods: the urea method, the constant pH method and the constant pH 
method using an autoclave.  
 
5.2 Synthesis by the Urea Method  
The materials synthesised using the urea method have been briefly 
summarised in Table 3.7 in Section 3.3.1. The initial experiments were carried 
out following a method from the literature62. It was necessary to understand 
the methodology behind the synthesis in order to apply it successfully in this 
project. Some of the earlier experiments were unsuccessful but results were 
improved after experience was acquired on both the synthesis and drying  
and methodologies. 
 
5.2.1 Early Experiments 
The first sets, or set belonging to Batch A, B, C, of experiments were done 
using a range of temperature from 90°C to 120°C and time of reaction from 12 
to 24, as previously shown in Table 3.7 (Section 3.3.1). The scheme of 
Reaction 3.1 is shown as a reminder of the reaction.  
 
	  
Scheme of Reaction 3.1. Urea method synthesis scheme of reaction66. It can be seen that Mg and Al 
hydroxides intermediates are formed prior formation of the hydrotalcite structure.  
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However, the three batches gave similar results. Due to the low system 
temperature, the reaction was probably incomplete.   Consequently, the X-
Ray diffractograms of the resulting samples differed from that expected for 
hydrotalcite.   
Figure 5.1, shows the X-Ray diffractograms for an early experiment affected 
by impurities and incomplete synthesis; in fact, it is possible to observe that 
the first trials using the urea method were not in agreement with the X-Ray 
pattern of commercial hydrotalcite (Alcamizer P93 or AP93).  
Although in Figure 5.1, there is significant difference due to the presence of 
the impurities, i.e. by products and un-reacted reagents; the synthesised clay 
was already showing the basal peak at approximately 11.6° (Figure 5.1, 
arrows). The dotted line in Figure 5.1 shows a second basal peak, which was 
developing before the ending of the experiments. The conditions were not 
completely established; in fact the pattern was still affected by the presence of 
impurities and the formation of intermediates.  
In Figure 5.2, it can be seen that the magnesium chloride salt pattern does not 
match the pattern of the synthesised hydrotalcite.  Although, it was said above 
that a few peaks could be assigned to reagents, in Figure 5.2, it was clear that 
no peaks are of magnesium chloride. One of the most important diffraction 
peaks of magnesium chloride at approximately 34° is absent from the 
hydrotalcite pattern.  
Under this synthesis condition, the product contained some intermediates, 
along with magnesium aluminum hydrates plus some un-reacted urea. In fact, 
the results suggested that the low reaction temperature and short reaction 
time did not allow for complete hydrothermal reaction, thus resulting in a 
product containing poorly formed aluminum-magnesium hydrates.  
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Figure 5.1. XRD pattern of Alcamizer P93 and early synthesised hydrotalcite. The two arrows are 
showing the basal peak of hydrotalcite, while the dotted line is representing the development of another 
fundamental peak. 
 
As mentioned above, the impurities found in the hydrotalcite patterns were 
expected to be urea or aluminum-based. Figure 5.3 shows a comparison of 
the synthetic clay with urea and shows that hydrotalcite reflections can be 
found in the final product along with the main reflection of urea. The 
differences in intensity between Figures 5.2 and 5.3 are due to the high 
intensity of the urea peak at 22.28°. The main urea peak can also be seen in 
the synthesised hydrotalcite-clay pattern (Figure 5.3, arrow). Furthermore, 
three other peaks can be seen at approximately 45°, 51° and 69° which are 
coincident with the reflection of urea (as shown by Figure 5.3). 
The characteristic peak of hydrotalcite is still present at approximately 11.6°, 
indicating that the reaction is proceeding; although, as mentioned before in 
Chapter 4, the formation of a three dimensional structure cannot be shown; in 
fact, important diffraction peaks are missing in the pattern such as the two 
peaks around 60°; those peaks are characteristic of diffraction peaks 110 and 
111 and are indicative of the three dimensional structure of hydrotalcite.  
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Figure 5.2. XRD pattern of synthesised hydrotalcite of the early batches A, B, C, compared with 
magnesium chloride. The blue arrow is showing the basal spacing of hydrotalcite. 
 
 
 
Figure 5.3. XRD pattern of synthesised hydrotalcite pattern compared with Urea. The arrow shows the 
main diffraction peaks of urea, coincident with the peak in the hydrotalcite sample. Dotted and dashed 
lines shows few other peaks coincident with the urea pattern.  
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A spectrum of the other reagent, aluminum chloride, could not be obtained 
because of its high reactivity with atmospheric moisture which would convert it 
to Al(OH)3, releasing HCl in the process. Furthermore, it is likely to form 
intermediate hydrate products with magnesium and it was not possible to 
track the reaction with X-rays or spectroscopy using the above conditions. 
However, more peaks can be assigned using a reference pattern. The 
diffractogram of the synthesised hydrotalcite and the aluminum chloride 
reference pattern are shown in Figures 5.4 and 5.5. 
 
 
Figure 5.4. The XRD pattern shows synthesised hydrotalcite, where the two arrows, the only two peaks 
which can be assigned to aluminum chloride. 
 
	  
Figure 5.5. Reference pattern for aluminum chloride.  
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It is assumed in Figure 5.4 that the two peaks at 31° and 36° correspond to 
aluminum chloride. However, in Figure 5.5, the reference pattern of aluminum 
chloride is shown and none of the other peaks can be found in the 
synthesised hydrotalcite pattern of Figure 5.4.  
Therefore, it can be seen that a synthesis time of 12 hours at a temperature of 
90°C allowed the decomposition of urea but at a much slower rate; thus, a 
significant amount of urea was in the final product rather than the carbonate 
needed as the interlayer anion. Most importantly, the reaction was not 
completed at the temperature used and therefore, was not efficient as clearly 
shown by the previous diffractograms. A washing cycle and filtering stage 
were also essential to eliminate the by-products and unreacted reagents.  
 
5.2.2 Optimisation of the Urea Method Synthesis 
In this section, the best conditions to obtain hydrotalcite using the urea 
synthesis method are assessed. In fact, factors such as temperature, time, 
solvent and drying technology are important for optimising the reaction. 
Hence, experimental data were gathered in order to optimise the procedure 
and especially the time and temperature of the reaction. For example, 
optimising the time of reaction could result in obtaining samples at 12 hours, 
instead of 24 hours, which would be a great improvement in terms of scaling 
up.  
 
5.2.2.1 Differential Scanning Calorimetry Analysis (DSC) 
To start with, DSC analysis was performed to study the behaviour of the 
materials that had been prepared at 90°C and 100°C (Batches A and B, 
labeled as SHT).  The two DSC thermograms (Figure 5.6) showed different 
behaviour on changing the reaction temperature. The sample prepared at 
90°C showed two endothermic peaks at 131°C and 269°C; while the sample 
prepared at 100°C showed a single endothermic peak at 214°C. The 
presence of two strong peaks can be due to greater amounts of intra and 
interlayer water. Therefore, at lower temperatures it would be easier to 
partially extract the interlayer water but more energy would be required to 
eliminate the intralayer hydroxyl groups that are strongly bonded to the layers 
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and in proximity to the ionic metal salt layers. Furthermore, at the lower 
reaction temperature, the hydrothermal process takes longer to form the 
hydrotalcite structure, which would result in an intermediate sol-gel structure, 
very rich in water but lower in solid content. Therefore, it can be seen that the 
temperature of the synthesis is absolutely crucial in producing a good 
hydrotalcite structure.  Furthermore, decomposition of the urea during the 
synthesis increases with increasing temperature.   
 
Figure 5.6. DSC thermogram of the trace of synthesised hydrotalcite (SHT) at reaction temperature of 
90° and 100°C. 
 
5.2.2.2 pH Measurements  
In order to obtain information about the progress of the reaction and whether it 
was possible to obtain the compound earlier; the pH was monitored 
continuously throughout a reaction carried out at an increased temperature of 
120°C. Thus, in order to obtain better results, different experimental batches 
were carried out (Table 3.7). The batches from D to E gave the best results 
and some of the data is analysed below. As previously mentioned, the pH was 
monitored and the start of the precipitation was indicated by the solution going 
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from clear to increasingly cloudy with time. Figure 5.7 shows the graph of pH 
versus time, from 0 to 7 hours. It can be observed that after 2 hours the pH 
was stable. 
The pH measurements were taken every 30 minutes. A specimen was 
transferred by Pasteur pipette to a container where it was allowed to cool for a 
few seconds before measuring the pH.  The experiment ran for 7 hours and it 
can be seen in Figure 5.7 that the pH rose sharply from 3.8 to 7.6 between 1 
and 1.5 hours after the start of the reaction, increasing thereafter to 8.4 after 2 
hours and remained between 8 and 8.5 for the remaining duration of the 
experiment.  The sharp increase in pH was due to the decomposition of the 
urea. This indicated that the urea had decomposed and that the reaction had 
proceeded smoothly.  Subsequent experiments all showed the same trend, 
especially the stabilisation at approximately pH 8-8.5 after 2 hours. Therefore, 
the subsequent experiments were carried out at a temperature of 120°C and 
time greater than 2 hours (usually from 6 hours to ensure complete reaction). 
 
Figure 5.7.Plot of the pH against time trend monitored during the reaction at 120°C 
	  
5.2.2.3 X-Ray Diffraction Analysis (XRD) 
As shown in Figure 5.8 the XRD pattern of the reaction product was monitored 
as a function of time; thus, the samples from 4 to 8 hours were analysed. The 
samples were: UHT4h, UHT6h, UHT8h and UHT24h.  The pattern of the 
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sample that was taken at a reaction time of 4 hours, gives a largely 
amorphous result. It can be seen that the intensity is very low and the area 
between 20° and 35° is populated by many weak diffraction peaks. The 
material in this case is considered to be largely amorphous. However, after a 
reaction time of 6 hours (Figure 5.8, UHT6h), the characteristic peaks of 
hydrotalcite appear. The sample taken after 8 hours has an identical pattern to 
the previous one, demonstrating that the reaction was running smoothly.  
Furthermore, it could be said that the peaks in the sample UHT4h, could be 
due to the rearrangement of the hydroxide compounds prior to formation of 
the hydrotalcite sheets. Samples were gathered before 4 hours but no results 
were obtained; this is because the samples were gel-like materials and they 
were very difficult to process for analysis.  
These results gave interesting information about the time of the reaction, 
which needed to run for at least 6 hours. The clays were all synthesised for at 
least 24 hours to be sure that the urea was totally consumed and the clay 
sheet formation was achieved. 
	  
	  
Figure 5.8 XRD pattern of the partially monitored reaction of Batch E. 
	  
The previous experiments gave results on the formation of the hydrotalcite 
product during the synthesis and the resulting XRD pattern was compared 
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with that of commercial hydrotalcite (Figure 5.9, HT synthesized vs Alcamizer 
P93) and showed a very good match with no by-products or impurities. In fact, 
the materials synthesised after 24 hours did show only the peaks 
characteristic of the hydrotalcite clay. The previously mentioned shoulders 
next to some peaks had disappeared, confirming that the reaction needed to 
be carried out for more than 8 hours (Figure 5.6).  
 
Figure 5.9. XRD pattern of hydrotalcite synthesised for 24 hours compared with Alcamizer P93. 
	  
A closer look at Figure 5.9, in particular in the region between 11° and 13° 
(Figure 5.10), shows that the main peak is broader and it is possible that 
during the hydrothermal process different stacks of sheets are formed. 
Alternatively, this difference may be the error of the instrument giving slightly 
different results. It has to be noted that usually the "d" spacing of the materials 
are never exactly coincident and can differ.  However, the maximum intensity 
peak is placed at the same angle for the synthesised material, 11.68°, 0.76nm 
interlayer spacing as well as for the commercial product Alcamizer P93.  The 
appearance of a shoulder at 11.80° support the idea of a different 
arrangement of the stacking sheets of the clay. 
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Nevertheless, the broadness of the peak is an effect attributable to a specific 
cause such as the smaller crystalline phase of the synthesised clay.  
	  
	  
Figure 5.10. XRD pattern of hydrotalcite in the interval between 11 and 13 2θ. 
 
5.2.2.4 Thermogravimetric Analysis (TGA) 
Thermogravimetric analysis was also used to assess the weight loss of the 
synthesized clay. In Section 4.1 the different stages of decomposition of 
hydrotalcite have been discussed. This mechanism can be very important 
showing the presence of water and carbonate evolution. Also a large amount 
of water evolution could interfere with the polymer processing and affect 
properties.  
Figures 5.11, 5.12, 5.13 and 5.14 give the TGA analysis for the above-
mentioned samples (UHT4h, UHT6h, UHT8h and UHT24h) and the respective 
derivative curves.  Figure 5.11 shows a large loss of weight for the sample 
stopped after 4 hours of reaction. This is clearly shown in Figure 5.12, which 
shows the derivatives of the samples at 4, 6, 8 hours of synthesis. It can be 
seen that the sharper peaks are for the UHT4h sample, meaning a faster rate 
of decomposition of this sample, probably due to heavy loss of water and 
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more volatile compounds. It can be seen from Figures 5.12 and 5.13 that the 
decomposition stages between 200°C and 400°C are consistent for each 
sample. It also can be noted from Figures 5.12 and 5.13 that the samples 
UHT6h, UHT8h and UHT24h, have the same decomposition stages 
positioned at approximately 200°C, 300°C and 400°C. The latter observation 
suggests that the structures of these samples are much more similar to each 
other compared with the UHT4h.  
 A summary of the weight loss results is described in Table 5.1, which shows 
that the sample at 4h has a high weight loss up to 250°C (usually 
characteristic of the loss of water as explained in Section 4.1) of 
approximately 35%. This is in good agreement with the previously XRD 
results which showed an amorphous pattern that suggested the formation of 
hydroxides of magnesium and aluminum.  
	  
 
	  
Figure 5.11. Thermogravimetric analysis for the samples of hydrotalcite synthesised by urea method at 
different time of reaction. 
 
Between 250°C and 650°C the weight loss is around 52% which is a lot 
greater compared with that of the other samples (Table 5.1). These results 
suggest that the reaction was not close to finishing and that other compounds 
were released. 
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There is no substantial difference between the samples synthesized at 6, 8 
and 24 hour, as shown in Table 5.1 and Figure 5.14. The samples UHT24h 
have a pattern more populated by peaks above 200°C which might be due to 
the increasing crystallinity of the material (and also shown in the X-Ray 
Diffraction patterns). Moreover, the same clay seems to lose a bit more weight 
than the other clays, having a greater loss after approximately 400°C and 
above.	   Nevertheless, these results are in good agreement with the XRD 
patterns, which were showing formation of the structure of hydrotalcite. Even 
if, the clay synthesized by this method did not show an optimum crystalline 
phase, compared with the commercial hydrotalcite, the analysis gives a good 
indication of the reaction.   
 
 
Figure 5.12. Derivatives of the thermogravimetric analysis curves for the samples of hydrotalcite 
synthesised by urea method at different time of reaction. 
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Figure 5.13. Derivative of the thermogravimetric analysis curve for the sample of hydrotalcite UTHT 24 
synthesised by urea method at 24h of reaction. 
	  
	  
	  
 
Figure 5.14. Three thermogravimetric analysis curves for samples of synthesised hydrotalcite at time of 
reaction of 6, 8 and 24 hours. 
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Sample %Wloss at 250°C  %W loss at 450°C  %W loss at 650°C  
UHT4h 35.22 71.34 87.1 
UHT6h 15.36 32.93 36.64 
UHT8h 13.73 32.31 37.08 
UHT24h 14.81 36.34 42.67 
 
Table 5.1. Weight loss for samples of clay synthesised by the urea method at different time of reaction. 
	  
Sample	   Δm (%) 
UHT4h	   51.88 
UHT6h	   21.28 
UHT8h	   23.35 
UHT24h	   27.86 
	  
Table 5.2. Weight loss between 250° and 650°C for samples of clay synthesised by the urea method.   
 
5.2.2.5 Scanning Electron Microscope (SEM) 
The differences in the samples synthesized by the urea method were 
monitored with the FEG-SEM. Figures 5.15 - 5.19 shows particles at different 
reaction stages. It can be noted that after 1.5-2 hours of reaction (Figure 5.15) 
there is no particle and the samples look like wrapped sheets. Increasing the 
time, it is possible to observe the formation of a few platelets after 3 hours and 
more after 4 hours (Figure 5.16). 
After 4 hours, the formation of the platelets is clearly visible and with 
increasing time the shape of the particles is more and more pronounced until 
the product is fully developed at 24 hours, as is shown in Figure 5.19.   
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Figure 5.15. SEM micrographs of urea method: samples after 1.5 and 2 hours. 
	  
	  
	  	   	  
	  
Figure 5.16. SEM micrographs of urea method: samples after 3 and 4 hours. 
	  	  
	  
	  	   	  
	  
Figure 5.17. SEM micrographs of urea method: samples after 5 and 6 hours. 
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Figure 5.18. SEM micrographs of urea method: samples after 7 and 8 hours. 
	  
	  
	  
	  
Figure 5.19. SEM micrographs of urea method: samples after 24 hours. 
 
The samples seemed to have the tendency to agglomerate in lumps of 
hydrotalcite platelets. Thus, the particle size of the synthetic hydrotalcite was 
also examined.  The material tends to agglomerate as a result of the drying 
step following the synthesis, resulting in the formation of big particles, even 
wider than 10 microns.  Figure 5.20 shows the particle size distribution of 
batch F which was synthesised over 24 hours. It can be seen that the average 
particle size is around 13 microns.  
 
Time 
7 Hours 8 Hours 
24 Hours 
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Figure 5.20. Particle size of the batch F, measured by Particle Size Analysis. 
 
Despite the results of the particle size analysis, the structure of the samples in 
particular, appears to be that of very thin single sheets or platelets linked 
together, as shown in Figure 5.21. This was to be expected since it is a 
common characteristic of the Layered Double Hydroxyl (LDH). Examination of 
Figure 5.21 provides a clear explanation for the large particle size observed: 
the sample can be plainly seen to comprise platelets of size 2-3 microns in 
diameter aggregate to particles of 8 to 13 microns in size.  This would account 
for the particle size distribution observed.	  
Sample of batch D (Figure 5.22) showed similar agglomeration behaviour, but 
here the single platelets appeared thicker and more consistent compared with 
batch F.  It is possible to give a more detailed idea of the thickness of the 
platelets studying the images but the width is more difficult to estimate 
because it is harder to distinguish the border between one particle and 
another.  Thus in Figure 5.21, the platelet thickness is rarely greater than 0.1 
microns, whilst the width is less easily estimated. Figure 5.22 corresponding 
to the sample batch D, indicates an estimated thickness between 0.1 and 0.4 
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microns.  Again, it is harder to estimate the other dimensions even in this 
case; some particles are visible with a width around 1 micron or over. 
	  
	  
Figure 5.21. SEM micrograph of the hydrotalcite sample from batch F. 
 
Figure 5.23, shows a product obtained by a synthesis in the presence of 25% 
by volume ethylene glycol. This solvent was chosen because of its high 
miscibility with water and because it has been suggested as a potential 
inhibitor of particle growth64. Figure 5.23 does not give much indication of the 
particles because of the complete agglomeration of the samples, which was 
probably due to a poor drying step or the intrinsic behaviour of the new 
material. The sample seems very similar to the others in term of thickness, but 
the particles are not arranged in agglomerates but sheets. In fact, it is almost 
impossible to discriminate between one particle and another. 
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Figure 5.22. SEM micrograph of the sample from batch D. 
	  
	  
Figure 5.23. SEM micrograph of the sample synthesised in presence of 25% of ethylene glycol. 
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5.2.3 Drying Techniques for the Urea Synthesis Method 
Different drying techniques were used to optimise the morphology and avoid 
the formation of agglomerates in the clay. As seen from the previous figures, 
some of the materials were heavily agglomerated and the platelets were not 
discernable. This is because the main drying process used at the beginning 
was the use of a simple oven. The spray and freeze drying methods were 
used only on the later samples, which were the samples synthesised by the 
urea method for 24 hours and the samples synthesised by the Constant pH 
method. The main limitation for freeze-drying was the time needed, as already 
explained in Section 3.4.2. For spray-drying, a large quantity of material was 
needed and sample was lost during the process. Hence, spray drying could 
not be used when small quantities of product were produced.  
The following discussion compares the SEM micrographs on the UHT24h 
samples dried with conventional oven, freeze-drying and spray-drying; this is 
mainly to show the different sample morphologies obtained using the various 
drying techniques. 
The first micrograph (Figure 5.24) shows the hydrotalcite samples dried in the 
oven at 80°C overnight. It can be appreciated that the material is a 
consolidated product. Hydrotalcite is very difficult to grind when in a 
consolidated state; on the contrary, cationic clay such as montmorillonite, is 
quite easy to breakdown even with a mortar and pestle.  
 
	  
	  
Figure 5.24. SEM micrograph of hydrotalcite dried in a conventional oven. 
 
                                     Chapter 5 - Results and Discussion - Hydrotalcites Synthesis Methods	  
	  
[172]	  
	  
The material shown in Figure 5.24 cannot be processed with a polymer unless 
broken down into a fine powder.  
Hydrotalcite after a freeze-drying treatment of three days is shown in Figure 
5.25. It can be seen that the platelets are visible and the material is not as 
agglomerated as before. The materials dried with this technique were much 
easier to handle and use. However, the best result and the finest powder was 
achieved by the material dried with the spray drier, as shown in Figure 5.26. 
 
	  
	  
Figure 5.25. SEM micrograph of hydrotalcite dried in a Freeze-Drier. 
 
It can be seen that the material is completely different and the single platelets 
are clearly visible in contrast to the other methods. 
 
	  
 
Figure 5.26. SEM micrograph of hydrotalcite dried in a Spray-Drier. 
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5.2.4 Overall Conclusion on the Urea Method 
Hydrotalcites were synthesised using the urea method. The main conclusions 
are summarised below: 
 
 
• By monitoring the reaction with XRD and SEM there was found 
to be evidence of structure and particles formed after 4 hours of 
synthesis. Although, TGA analysis showed that after 4 hours the 
structure was rich in water and unknown unreacted 
intermediates: further studies would be necessary investigating 
the degradation steps, i.e. using a TG-MS.  Furthermore, longer 
reaction times gave better results. 
• The best results in term of structure and morphology were 
achieved when the synthesis continued for at least 24 hours.  
• The optimum reaction temperature was found to be 120°C. 
• The molar ratio of the clays used was Mg:Al 3:1, which is 
commonly used for the commercial products. 
• Synthesis with ethylene glycol was abandoned because it is 
highly expensive in term of solvents and more difficult to scale 
up. 
• Drying methods proved to be crucial in obtaining a fine powder. 
The following three methods were assessed: conventional 
drying, freeze-drying and spray-drying. Spray-drying was found 
to achieve better results and gave a fine powder suitable for 
better processing. 
• Overall, the urea method is time consuming (24 hours) with low 
yield and high temperature. 
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5.3 Constant pH Synthesis 
In section 3.3.2, the procedure for the synthesis with constant pH was given in 
detail. In this chapter, the results of the previously mentioned materials will be 
discussed, in order to clarify the connection between the synthesis method 
and the structure of the hydrotalcite clay produced.  
 
 
 
Scheme of Reaction 3.2. Synthesis of the Hydrotalcite.  
 
5.3.1 X-Ray Diffraction (XRD) 
The X-Ray diffraction pattern of samples of hydrotalcite synthesized with 
different methods are shown below in Figures 5.27, 5.28 and 5.29. The 
patterns show similarities but at the same time differences which can be due 
to different method or conditions of the synthesis. 
 
Figure 5.27. XRD pattern comparison between the two main synthesis methods: Constant pH Method 
(PHHT) and Urea Method (UHT24h). 
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Figure 5.27 represents the x-ray diffraction patterns of constant pH (PHHT) 
and urea method (UHT24h) synthesised clay compared with the control 
material, which was commercial clay Alcamizer P93 (AP93). It can be seen 
from Figure 5.27 that some of the diffraction peaks of the UHT24h samples 
are extremely different in shape and intensity compared with the AP93; 
although, this aspect could be interesting, it has to be noted that the high 
crystallinity of the commercial materials led to scaling down the AP93 pattern 
to be comparable with the other clays. In fact, a drawback of the synthesized 
materials was the lack of crystallinity. Instead, some differences, such as, for 
example the diffraction peaks around 32° and 42°, can be due to the method 
of the synthesis. However, the major difference is the amorphous character of 
the laboratory-made clay as opposed to the very crystalline character of the 
commercial product. Therefore, as mentioned before, the synthesised 
samples are suggested to have a high amorphous content, which can be 
changed using different synthesis processes. The urea method synthesis 
process leads to a material with higher crystallinity compared with the 
constant pH process. Moreover the latter, is a room temperature process, 
which could be the reason for the lower degree of crystallinity.  
The list of the d spacing for the 003 reflections for the analysed materials is 
shown in Table 5.3 and 5.4. The results of the control, urea method and 
sample aged in the autoclave for 24 hours are exactly as expected for 
hydrotalcite. The ‘d’ spacing is approximately 0.76 nm or 7.6 Å. On the other 
hand, the constant pH and modified clays slightly deviate from the control 
value.  
 
Previous Samples Details Angle 2θ  (°) d spacing 003 (nm) 
AP93 Commercial 11.64 0.77 
UHT24h 
Urea Synthesis 
Method 
11.58 0.76 
	  
Table 5.3. List of the ‘d’ spacings for the urea method synthesised clays and the control. 
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New Samples 
Details 
Angle (°) 
d spacing 003 
(nm) 
PHHT 
Constant pH 
Method 
11.10 0.80 
PHHT+SS 
 
Constant pH 
Method + 
Surfactant 
Modified 
11.08 0.80 
PHHT+SSFL 
 
Constant pH 
Method/Surfactant 
Modified 
11.28 0.78 
Auto6h 
Constant pH 
Method/Autoclave 
for 6 h 
11.40 0.78 
Auto24h 
Constant pH 
Method/Autoclave 
for 6 h 
11.46 0.77 
 
Table 5.4. List of the ‘d’ spacings for the synthesised clays and control. 
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Figure 5.28 shows the comparison between constant pH synthesised and 
autoclaved clays. 
 
 
Figure 5.28. XRD pattern of synthesised clays: constant pH (PHHT) and Autoclaved for 6 h and 24 h 
(Auto 6h, Auto 24h). The squares represent the diffraction peaks of supposedly intermediates; the oval 
represents the reflections for three-dimensional structure, which improve with ageing. 
 
An increase in intensity of the reflection at approximately 11°, [003] (Figure 
5.28, black arrow), indicates an increase in crystallinity. This suggests that 
leaving the sample for longer time inside the autoclave could increase the 
crystallinity of the samples.  
In fact, Figure 5.29 shows that the autoclaved samples compared with the 
constant pH synthesis, showed sharper peaks. It can be seen that the pattern 
for the sample of PHHT is almost flat, as opposed to the autoclave samples 
aged for 6 and 24 hours. The autoclaved samples show differences in 
broadness of the peaks; it is possible to appreciate that the peak becomes 
sharper between 6 hours and 24 hours of ageing at 150°C. 
The previous explanation is in good agreement with the observation of an 
improved layered structure arrangement in autoclaved samples. 
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Figure 5.29. XRD pattern for autoclaved materials show sharper peaks, opposed to the clay synthesised 
at room temperature. 
 
However, other peaks are present in the patterns which are not visible in the 
control pattern such as 32° and 42° (Figure 5.28, red squares).  Even though 
the intensity of those peaks is very low compared with the characteristic peaks 
of the commercial grade, it suggests that during the ageing of the materials 
some different phases are formed. This is probably due to intermediate 
formation of aluminum or magnesium oxides, which are formed as a precursor 
to the hydrotalcite. In fact, these peaks are not visible in the commercial 
samples, which suggests that the peaks are due to intermediates or by 
products of the synthesis.  
Although there is an indication of intermediates or by products, the peaks at 
60° and 61° indicate the formation of the three-dimensional structure of 
hydrotalcite. In fact, these peaks represent the diffraction peaks [111] and 
[110], which are necessary for the formation of the hydrotalcite structure.  It 
can be seen that those diffraction peaks improve with the ageing of the 
material. On the contrary, the samples with less ageing have reduced intensity 
of those diffraction peaks. In Figure 5.28, it is clearly shown that the PHHT 
samples have very weak reflections in this area opposed to the sample aged 
at 6 hours in the autoclave, which already have defined peaks. Thus, the 
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thermal treatment greatly improves the building of the hydrotalcite structure, 
not only for the basic diffraction peak [003], but for the [111] and [110] as well.   
The XRD pattern shown in Figure 5.30 represents the PHHT modified with 
sodium stearate (SS) at different stages of the modification process (as 
explained in Section 3.2.2). 
 
 
Figure 5.30. XRD pattern for PHHT compared with: synthesised hydrotalcite modified with sodium 
stearate added during synthesis (PHHT+SS) and during filtering (PHHT+SSFL). 
 
It can be seen from Figure 5.30 that all samples treated with the surfactant, at 
whichever stage is the addition, do not show the impurity peaks present in the 
blank samples. The synthesis methodology for the samples show in Figure 
5.30 is completely different, minimising the problems of contamination. 
Furthermore, the spray drying process, which is the only point of contact with 
all the samples, was free of contamination because of the cleaning process 
with water and ethanol after every run. 
To some extent, at this low degree of crystallinity, there is also a slight 
increase in the sharpness of the reflections. Furthermore, the reflections 
indicating the three dimensionality of the clay ([111] and [110]) are present in 
the samples where the surfactant was added during the filtering stage. On the 
other hand, in the sample synthesised in the presence of stearate, the clay 
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seems freer from intermediates, but, the peaks at 60° are still weak. The 
samples were synthesised using the same procedure and dried using the 
same spray-drying condition, therefore excluding the possibility that the drying 
stage could be responsible for the differences. The surfactant seemed to act 
more with the impurities or remaining reagents, than with the clay itself.  No 
traces of the shift to lower angle are present with the samples of PHHT+SS 
and PHHT+SSFL, therefore the modification of the particles is only at the 
surface. This was expected following from the previous discussion in Chapter 
4 about intercalation in hydrotalcite clays.  
 
5.3.2 Thermogravimetric Analysis (TGA) 
Results from the thermogravimetric analysis of the synthesised samples are 
discussed in this section. 
Hydrotalcite mainly decomposes in two major steps; however, it is possible 
that it may occur in three steps, corresponding to loss of adsorbed and 
interlayer water, dehydroxylation, and a combination of a dehydroxylation–
decarbonation reaction, as shown in Figure 5.31. The constant pH samples 
undergo a much quicker decomposition close to 200°C as opposed to the 
smooth trend of the urea method synthesised samples. This is also described 
by Figure 5.32, which represents the derivative of the curves in Figure 5.31. In 
fact, the PHHT peaks of the derivative are at 150°C compared with the 
UHT24 which is at 184°C. Furthermore, the PHHT peak is much broader, 
meaning that the decomposition was slower (Figures 5.31 and 5.32). This 
step represents the releasing of water from the hydrotalcite structure, which 
may be simply present in higher quantity on the surface of the PHHT samples 
or loosely intercalated in the amorphous phase.  
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Figure 5.31. Thermogravimetric analysis for sample of clays synthesised with different methods: 
constant pH and hydrothermal method. 
	  
As opposed to the previous trend, the PHHT samples underwent a much 
slower decomposition after 200°C while the UHT24 decomposed in two small 
steps. This trend is well shown by Figure 5.32, which enlightens the single 
peak of PHHT opposed to the two for UHT24. The step after 200°C is related 
with the releasing of interlayer water and carbonate; the single peak, being at 
higher temperature, compared with the UHT24 peaks, might represent more 
the release of carbonate than water. On the contrary the two peaks for UHT24 
indicated that two different population are released, in the approximately the 
same range of temperature (the decomposition started equally at about 
220°C). This stage represents the dehydroxilation followed by the 
decarbonation at approximately 390°C; to be noted that the peak of the PHHT 
samples is situated at 378°C is not much lower than the second peak of 
UHT24 which might sustain the hypothesis that represents the decarbonation. 
The profiles of the curves are also similar which suggest that the single peak 
is due to more homogeneous species released for the PHHT samples.  
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Figure 5.32. Derivatives of thermogravimetric analysis curves for the PHHT and UHT24 samples which 
shows the shift for the releasing of water (dashed line) and the different trend after 200°C with the two 
peaks for the UHT24 samples. 
 
It was thought that the two peaks could be associated with the loss of not 
reacted urea but no evidence of split peaks just after 200°C which could 
indicate the reactions urea decomposition. Furthermore, this trend is followed 
by a different set of samples, the autoclave at 24 hours (Figure 5.33).  
 
	  	   
Figure 5.33. Thermogravimetric analysis for samples made with the hydrothermal method and the 
constant pH aged in autoclave. 
                                     Chapter 5 - Results and Discussion - Hydrotalcites Synthesis Methods	  
	  
[183]	  
	  
In fact, it can be seen that the samples autoclaved for 6 hours maintained a 
trend much similar with the PHHT samples which it mainly due to because the 
time of ageing was shorter. However, the samples autoclaved at 24 hours 
have a peculiar trend.  In Figure 5.34, the derivatives of the Figure 5.33 are 
shown; it can be seen that the first three peaks of the Auto24 are comparable 
with the UHT24 samples. The position is the same of the UHT24 sample, 
which indicate that the decompositions involved are similar. 
The samples autoclaved for six hours have a single peak after approximately 
200°C which is quite broad indicating a slow decomposition; opposed to the 
autoclaved for 24 hours which has less intense decomposition steps in the 
same temperature range. Furthermore, the autoclaved samples have two 
more steps after 500°C and 600°C; this is very peculiar because hydrotalcite 
tends to undergo to a formation of mixed oxide after 500°C which would not 
alter the weight of the samples (after the releasing of carbonate). Thus, the 
Auto24 samples are undergone to 5-stage decomposition instead of 2. 
Accounting their similarities in the outcomes of the thermogravimetric analysis 
cross samples but the methods of synthesis are different; the explanation can 
be in systematic impurity, a residual reagent or by product or a very porous 
structure that can accommodate more carbonate. 
The first explanation would not be very clear because an impurity (also 
consistent in term of weight) should have been also in the sample for PHHT, 
which, on the contrary, maintained a different trend. About the porosity of the 
structure is also based on the amorphous structure and the porosity of the 
clays; in fact the assumption might be that the remaining carbonate deeply 
into the structure would need more energy and more time to make its way and 
burst on the surface of the clay, thus obtaining the loss of weight in different 
times. Un-reacted reagents such as sodium carbonate, urea or by product 
such as sodium sulphate have a loss of weight before 400°C or after 800°C; 
furthermore, it would be present more than one indication from the XRD 
analysis.  
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Figure 5.34. Derivatives of thermogravimetric analysis curves for samples made with the hydrothermal 
method and the constant pH aged in autoclave. It can be seen the first peaks are very similar while the 
Auto24 underwent to 5 stages decomposition with 2 more peaks after 500°C. 
 
 
However, it can be seen from Table 5.5 that the XRF analysis on the PHHT 
samples revealed a heavy content of sulphur (SO3), up to 20.2% and sodium 
(Na2O), up to 16.92%. This might be due to inefficiency of the washing step, 
leaving some of the by-product in the final samples (sodium sulphate, 
Na2SO4) and thus, might be reason of the pattern seen in Figure 5.33 and 
5.34. The three peaks of Figure 5.34 may be caused by a solid state reaction 
occurring with the sulphate present in the samples; on the other hand, the 
samples autoclaved for 24 hours showed a more crystalline pattern which 
might influence the decomposition of hydrotalcite while also sulphate is 
adjacent or partially intercalated in the galleries. 
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Sample Name UHT24 PHHT AP93 S911 
SiO2 0.04 <0.01 <0.01 <0.01 
TiO2 <0.01 0.01 <0.01 <0.01 
Al2O3 24.37 10.82 19.37 19.83 
Fe2O3 <0.01 <0.01 <0.01 <0.01 
Mn3O4 <0.01 <0.01 <0.01 <0.01 
MgO 32.86 25.66 24.56 35.83 
CaO 0.01 <0.01 0.02 0.19 
Na2O <0.05 16.92 <0.05 <0.05 
P2O5 <0.01 <0.01 <0.01 <0.01 
SO3 <0.1 20.2 <0.1 <0.1 
ZnO <0.01 <0.01 15.46 0.03 
 
Table 5.5. Composition of the synthesised samples (UHT24, PHHT) and commercial grades (AP93, 
S911). Sulphur content is shown for the PHHT samples. 
 
In Figure 5.35 is shown the decomposition of the autoclaved samples 
opposed to the untreated sample of PHHT. The blank sample loss weight 
quicker compared to the autoclaved ones, which both have the first weight 
loss at the same temperature of approximately 200°C. 
 
	  
Figure 5.35. Thermogravimetric analysis for the pH constant method plus autoclave ageing. 
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The second decomposition temperature is increasing from the PHHT sample 
to Auto6, which indicates a better thermal stability of the autoclaved samples. 
On the other hand, Auto24 showed a small decomposition before the other 
two samples. After 500°C, the two autoclaved samples have other 
decomposition, opposed to the blank PHHT which does not show any 
significant loss of weight after 500°C. 
Considering the peak 1, shown in Figure 5.36, the PHHT sample has worse 
thermal stability compared with the materials autoclaved for six hours shown 
by the shift of temperatures; in fact, the materials Auto6 has both the first two 
peaks at temperature higher than PHHT. However, the Auto24 cannot be 
taken as valid comparison because it shows a peak before the temperature of 
peak 1 (Figure 5.36) and three other more decomposition stages, which 
cannot be associated precisely. 
 
Figure 5.36. Derivatives of thermogravimetric analysis curves for the pH constant method and plus 
autoclave ageing. It can be seen the increasing temperature peak and the Auto24 samples with its five 
decomposition steps (marked by number 1).  
	  
Figure 5.37 and 5.38 show the results of thermogravimetric analysis for the 
samples treated with sodium stearate; a trend is shown, which can be 
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associated with the previous the results of the pH constant samples and 
autoclaved. 
Figure 5.37 shows that the TGA profiles for the two different methods of 
modification do not differ one from each other. The profiles are also much 
similar with the previous samples, which suggest that the modification did not 
influence any decomposition stage. However, the presence of sodium 
stearate can be noted from the higher weight loss of the samples, which is 
more than 50%; this is opposed to the 35% of PHHT and 45% of the other 
samples. It also can be seen that the sample PHHT+SS shows a broad initial 
loss of water as the PHHT samples; however, interactions in the range from 
300°C to 500°C are more intense. Three decompositions are present in this 
temperature range which probably encompasses also the decomposition of 
sodium stearate at approximately 350-400°C. Nevertheless, the peaks of the 
unknown reactions, which also affected the previous samples, cover the 
decomposition of the surfactant. 
 
	  
	  
Figure 5.37. Thermogravimetric analysis for the samples modified with the surfactant. A higher weight 
loss was assessed compared with the previous samples. 
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In Figure 5.38, the derivatives profiles for the modified samples are shown 
which slightly differ in the initial weight loss and are consistent with increasing 
temperature. It can be seen that the information of the loss of the stearate is 
probably lost in the three-decomposition stage. The only remain information is 
the higher loss of weight which is significantly different from the non-modified 
samples. 
The XRD showed an increasing crystallinity trend with the thermal aged 
samples which could affect the TGA results due to the increasing crystal size; 
furthermore, the XRF showed a high presence of sulphate which could 
suggest a failed elimination of the sodium sulphate (by product of the 
synthesis) during filtering and washing stages. It suggested by the TGA and 
the three decomposition stage that or a solid state reaction occurs in the 300-
500°C stage (and not a diffusion of carbonate in different steps as previously 
proposed), alternatively the presence of sulphate may partially interact with 
the galleries and the positively charged structure resulting in a releasing of the 
anions at different temperatures. Unfortunately, it was not possible to further 
investigate this phenomenon, which will be covered during further work. 
 
Figure 5.38. Derivatives of thermogravimetric analysis curves for the stearate modified samples. 
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5.3.3 CHN Analysis 
The CHN analysis was carried out to obtain information about possible 
impurities; especially, the presence of nitrogen, which could be an indication 
of the presence of amines. Surely, the analysis on PHHT samples was done 
to compare with the urea synthesis samples; in fact, only with this sample the 
presence of amines can be expected. This analysis is important because, as 
already explained in the previous Section, gives information whether some 
impurities were introduced (or not washed away) in the system. The results for 
the CHN analysis are showed in Table 5.6. 
	  
Materials %C %H %N 
UHT24 2.47 3.61 0.36 
PHHT 2.06 2.93 0.04 
PHHT+SS 13.79 5.01 0.10 
PHHT+SS+FL 14.44 5.54 0.65 
PHHT + Auto 6h 2.75 3.63 0.06 
PHHT + Auto 24h 3.93 3.33 0.06 
	  
Table 5.6. Elemental analysis for constant pH synthesised and modified clays.   
	  
Important considerations arise from the data on Table 5.5. Considering the 
data of the unmodified samples: the highest N content is for UHT24, which is 
the urea method synthesised clay. Surprisingly, the content of nitrogen is also 
very high for the modified clays, i.e. PHHT+SS+FL; given the fact that: 
between PHHT+SS and PHHT+SS+FL the only difference is the timing of the 
addition of the surfactant: the first added up during the synthesis, the latter 
during the filtration. This difference is probably to assign to impurities 
introduced by mistake during the addition stage or due to impurities in the 
surfactant.  This hypothesis is supported also by the results of %N content of 
the other samples which are not involving species containing nitrogen during 
the synthesis or ageing process. The results for the synthesised clays with 
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autoclave also showed an insignificant content of nitrogen; however, a 
consideration is made on the increasing value of the %C. In fact, as follows in 
Figure 5.39, the %C content appears to increase with the time.  
	  
	  
Figure 5.39. Plot of the time of different synthesis methods vs. %C. Different process can influence the 
%C of the clay.  
	  
The results shown in Figure 5.39 can be taken as indication, because the 
methods used for the synthesis are different. However, it might be the clue 
that the synthesis and ageing steps are very sensitive to external conditions 
and handling of materials.  The increasing of carbon content can be due to 
different phenomenon, such as the contact of the samples with impurities 
introduced during different step of the samples production. Effectively, the lack 
of a controlled atmosphere during the synthesis of modification of the samples 
could have been the reason for the different carbon content in the final 
samples. On the other hand, although very unlikely, a possible introduction of 
impurities may be due to the spray drying process; however, the possibilities 
of contamination are minimised by the complete washing and cleaning of the 
apparatus after every spray drying cycle. 
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5.3.4 X-Ray Fluorescence (XRF) 
A selection of the previously given samples were also analysed by X-ray 
fluorescence spectroscopy; the instrument is a powerful tool, indispensable for 
qualitative and quantitative analysis. Nevertheless, it can provide an elemental 
analysis and useful information on the composition of the clay as already 
shown in Table 5.4. Previously, this analysis was indispensable to track down 
the sulphate impurities; however, another interesting application on the 
synthesized clay, was the understanding whether the material had a ratio 
Mg:Al as expected or sufficiently close. This might have given an indication 
that the synthesis was carried out smoothly. The elemental composition of the 
samples and the ratio of magnesium:aluminium:zinc (Mg:Al:Zn) are shown 
in the previous Table 5.5 and the following Table 5.7. 
It can be seen in Table 5.5 that in all samples, as expected, there is presence 
of magnesium and aluminum. As expected, their concentration is the greatest 
and their ratio (Mg:Al) in all the samples is shown in Table 5.7 (values 
rounded to the closest integer). The synthesised clay and the commercial 
grades are based on magnesium and aluminum but also on zinc; it can be 
seen from the high value of ZnO for Alcamizer P93 (commercial grade) which 
is 15.46% while for the other sample is maximum 0.03% (Table 5.5).  
 
Materials	   Ratio	  Mg:Al:Zn	  
UHT24	   3:2	  
	  PHHT	   3:1	  
Alcamizer	  P93	   3:2:2	  
Sorbacid	  911	   2:1	  
	  
Table 5.7. Mg:Al:Zn ratios listed for:  hydrotalcite synthesised with urea method and constant pH and 
two commercial materials (values rounded to the closest integer). 
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5.3.5 Scanning Electron Microscope (SEM) 
As previously suggested by XRD and XRF the synthesised clays lacked in 
crystallinity and furthermore, impurities or by products were left in the sample 
in case the synthesis was not conducted with the appropriate condition; 
moreover samples of PHHT showed their amorphous nature; on the other 
hand, samples of PHHT autoclaved showed a completely different 
morphology of the particles.  However, Scanning Electron Microscopy showed 
hexagonal particles especially for the samples of urea-synthesized clay while 
autoclaved hydrotalcite showed very similar shapes compared with the 
commercial grades. An introduction has to be made about the drying 
technology on hydrotalcite; in fact, most of the work was on improving the 
drying technology in order to obtain better particles and a final product easier 
to process than the conventional dried clays. Examples of freeze and spray 
dried clays are given in Figures 5.40 and 5.41. 
	  
	  	  	  	  	  	  	   	  
	  
Figure 5.40. SEM micrographs of freeze dried clay. 
	  
	  	  	  	   	  	  	  	  	  	  	   	  
	  
Figure 5.41. SEM micrographs of spray dried clay 
                                     Chapter 5 - Results and Discussion - Hydrotalcites Synthesis Methods	  
	  
[193]	  
	  
It can be seen from the micrographs described in Figure 5.40 and 5.41 that 
material left drying with the freeze drier tend to agglomerate more than the 
spray dried one. The morphology of the platelets is very hard to recognize in 
Figure 5.40 and the material form lumps of clay as the platelets collapse on 
each other. The spray dried is still agglomerated but the particles are clearly 
distinguishable. The preliminary experiments were run with clays in 
combination with spray drying, freeze drying and conventional heating; 
however the best results were obtained with spray drying and the results are 
showed in the following micrographs. Figures 5.42 and 5.43 show 
micrographs for UHT24 samples, which reveal the hexagonal particles; 
furthermore there is a tendency of the particles to aggregate and subsequent 
stratification. Figure 5.42a shows a micrograph with agglomerated particles; 
Figure 5.42b shows a detailed area (red rectangle in Figure 5.42a) of about 
642 x 960 nm which shows approximately 245nm width particle (red line). 
Hydrotalcite still showed a very high degree of agglomeration, even if those 
materials are spray dried and the improvements introduced are great anyway 
(as will be shown further below).  
	  
	  	  	  	  	   	  	  	  	  	  	  	  	  
	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  
Figure 5.42. SEM micrographs of UHT24 showing: a) hexagonal agglomerated platelets (red rectangle 
is the area to be enlarged); b) stratification of platelets. The red line is approximately 245nm. 
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Figure 5.43. SEM micrograph of UHT24 showing hexagonal platelets with different growing directions.    
	  
The materials autoclaved for six hours (Auto6h) are shown in Figures 5.44 
and 5.45, which revealed a different morphology. It can be seen that the 
samples is made of platelets but the shapes are different from the previous 
synthesis method; furthermore, the many platelets suggested a lower particle 
size, even though an exact value cannot be calculated because the heavy 
agglomeration present, so making pointless a particle size measurement. An 
overall look to the micrograph suggested that many particles are closer to 
200nm or less (Figure 5.44).  
	  
	  	  	  	   	  	  	  
	  
Figure 5.44. SEM micrographs of the hydrotalcite autoclaved for 6 hours. 
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Figure 5.45 shows a closer look of the sample Auto6h which it is useful to 
understand the stratification and dimension of the single platelets.  
Important to note, from Figure 5.44 and 5.45, that the platelet thickness is 
much less than the width; it is hard to have an exact value for the platelet 
thickness but it suggested that it could be even 10nm, especially for the 
autoclaved samples. The clay sample Auto24h showed an even better particle 
shape and morphology; furthermore, Figure 5.46 shows the very low 
thickness, especially for the Figure 5.46a while the shape and surface of the 
platelets is shown by Figure 5.46b. 
 
	  
	  
Figure 5.45. SEM micrograph of an aggregate of the sample of Auto 6h. 
 
It also can be seen from Figure 5.47 that the agglomeration is still present in 
the latest samples. Although, there are aggregates of particles, it is possible to 
appreciate the difference of platelet dimensions from the UHT24 samples and 
the latest samples. Especially Figure 5.47 shows that the lumps are made of 
sub-microns particles. A clear difference with the UHT24 (Figure 5.42a) where 
it was hard to discern from one platelet to another. 
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Figure 5.46. SEM micrographs of Auto 24h samples a) it can be seen the thickness of the particles; b) 
hydrotalcite particles showing stratification.  
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Figure 5.47.SEM micrograph at low magnification of Auto 24h; the agglomerates of platelets are shown. 
	  
The micrographs for AP93 are shown as a comparison to the synthesized 
samples. In fact, the difference of the particles shape can be appreciated and 
also worth noticing that the agglomeration of the clay appears to be lower. 
Although AP93 is less agglomerated, Auto24h showed smaller platelet 
dimensions. Especially the thickness of the commercial grade seems to be 
greater even because the characteristic hydrotalcite platelets shape is not 
found in the AP93 (Figure 5.48). 
	  
	  	  	  	   	  	  	   	  
	  
Figure 5.48. Alcamizer P93, the commercial grade at different magnification. a) Magnification 
approximately x18, b) Magnification approximately x54.  
	  
The sample of PHHT shows the most different morphology and probably 
could also explain the low intensity X-Ray diffraction patterns. It can be seen 
a) b) 
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from Figure 5.49a and 5.49b, that the structure of the particles appears 
completely different compared with the samples of commercial grade and 
other synthesis method. This is reinforcing the idea that a thermal stage for 
the synthesis of hydrotalcite is necessary. In fact, the other entire samples 
laboratory synthesised using hydrothermal process or autoclave showed 
morphology more similar with the commercial grade. Furthermore, this can be 
reconnected with the XRD patterns previously explained which showed 
increasing crystallinity correlated to higher time of residence inside autoclave. 
To be noted that the pristine material of samples as Auto 6h and 24h, was the 
PHHT, before the thermal stage; this strengthens the conclusion previously 
given. Although, this could eliminate PHHT samples for further analysis for 
thermal stability of Poly(Vinyl Chloride), the better clay particles size may be 
helpful for a increased dispersion inside the polymer matrix and oxides of 
magnesium and aluminum are already used as flame retardants.  
Figure 5.50 shows an outstanding particle size of the PHHT; needle shaped 
particles have a width which can be even 10nm and suggested length of 50-
60nm. These results are so different from the previous data that can also 
suggest a formation of different by-products and smaller percentage of 
hydrotalcite. Especially the results of the XRF analysis, which showed a high 
content of a by-product such as sodium sulphate (Table 5.5). These would 
explain the low intensity XRD and different morphology; nevertheless, 
samples will give very interesting results in thermal stability of PVC. 
This is an interesting result because shows that to obtain better particles size, 
morphology and surface properties, a thermal treatment or ageing such as 
hydrothermal process, autoclave or microwaves are needed.  
Figure 5.49 and 5.50 show blurred image compared with the other samples, 
furthermore horizontal lines appear in the micrographs. This is because the 
materials keep charging and consequently moving under the electron beam.  
Figure 5.51 shows some micrographs of the clay modified with sodium 
stearate which show what appears as fibers of surfactant and particles laying 
on their surface. The particles were not affected by the modification of the 
surfactant but only appear as a physical mixture in the sample. The 
micrographs are still affected by blurring because the charging occurs as well 
as the previous samples.  
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Figure 5.49. SEM micrographs, a) lower magnification of PHHT sample b) higher magnification of 
PHHT. Samples with different morphology are shown.  
 
	  
	  
Figure 5.50. SEM micrograph at higher magnification of PHHT, which shows particles of dimension also 
up to 10nm.  
a) 
b) 
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Figure 5.51. SEM micrograph a) at lower magnification b) at high magnification of organic modified clay.  
 
In Figure 5.51a and b, the clay modified with sodium stearate can be seen 
mixed with fibers; although the addition of the surfactant the particles have the 
same needle shape seen before and also the agglomeration was not different 
from the previous micrographs.  
 
5.3.6 BET Surface Area Analysis  
Surface area of the above mentioned particles give indication of the particle 
size of the samples. Especially for the Auto 24h, the BET surface area is 
found to be the greater than the commercial products; thus, giving credit to 
the latest SEM micrographs shown (Figures 5.46-5.47) which described much 
smaller particles.  The Table 5.8 describes the BET surface area of the 
previous samples.   
a) 
b) 
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Samples	   BET	  (m2/g)	  
AP93	   8.00	  
PHHT	   46.05	  ±	  0.27	  
UHT24	   30.01	  ±	  0.20	  
Auto	  6h	   55.05	  ±	  0.35	  
Auto	  24h	   19.88	  ±	  0.12	  
	  
Table 5.8. Surface area values for the samples of hydrotalcite. The commercial grade AP93 
does not have the BET error available (source:	  http://www.kisuma.com/alcamizer.html). 
	   	  
The results of the BET were expected to be different, especially, for the 
sample of Auto 24h. In fact, the SEM micrographs showed that the smallest 
platelets were for Auto 24h while PHHT had very small particles but its 
particles shape were unusual compared to the classic hydrotalcite morphology 
(even if the XRD patterns were promising). Nevertheless, the surface analysis 
for Auto 24h gives the lowest value of surface area, even smaller than UHT24 
(which were thought to be one of the worst samples for particles size). The 
only explanation for this can be found in the agglomeration of the samples. 
Auto 24h, it is the best samples for particles size but the drawback could be 
the formation of agglomerated of small platelets and therefore acting as one 
unit or bigger unit, resulting in bigger value of BET analysis.	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5.4 Overall Conclusion of the Constant pH Method and       
Comparison with Results from Urea Method 
Hydrotalcites were synthesised using a constant pH-based method and 
assessed via different analytical techniques. Different samples synthesised 
under different conditions have been compared and the main conclusions are 
summarised as follows: 
• PHHT samples showed an amorphous structure compare with 
commercial products and UHT24h samples (synthesised via 
Urea Method). Samples of PHHT aged in an autoclave at 
different aging time showed a tendency to increase crystallinity. 
The surfactant modified samples showed no benefit of the 
modification, i.e. intercalation.  
• TGA analysis showed a two-stage decomposition mechanism 
for PHHT as is standard for hydrotalcites but three or more 
stages for aged samples and UH24h. While the reason for the 
UH24h can be due to the presence of un-reacted urea, the 
presence of many steps for the other samples cannot yet be 
explained. It is thought that the high sulphur content, as shown 
by the XRF analysis, interfered with the hydrotalcite structure. 
• CHN analysis of the samples confirmed the presence of nitrogen 
into the UHT24h samples, which could be a major drawback for 
the thermal stability of PVC. This is thought to be due to un-
reacted urea. 
• XRF also confirmed the molar ratio of the samples synthesised 
and compared with some commercial products. The molar ratio 
was 3:1 for the constant pH samples and 3:2 for the urea 
method samples. 
• SEM showed morphological differences between heavily 
agglomerated samples before and after the use of Spray Drying 
Techniques.   
• SEM micrographs showed the morphology of all the samples. 
Classical hexagonal shape was shown for the UH24h samples 
and aged PHHT samples. While amorphous PHHT samples 
showed a different shape, probably due to the intermediate 
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structure achieved with this method. Surfactant modified 
hydrotalcite showed presence of a fibre-like structure in the 
samples with particles attached on the surface. 
• BET showed generally higher surface area for all the samples, 
comepared with the commercial materials. Higher surface area 
was obtained with aged PHHT for 6 hours and lowest for aged at 
24 hours, which suggested that the increasing of ageing time, 
increase the platelets dimension or the agglomeration. This is 
also proved by the results for UHT24h; they showed the second 
highest BET value and also most defined platelets (showed by 
SEM). 
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Chapter 6  
Results and Discussion 
Assessment of Thermal Stability 
 
6.1 Thermal Stability Tests 
Thermal stability tests were performed in two ways: dynamic and static. In the 
dynamic method the samples were mixed at a high temperature in the Haake 
Rheometer; and the change in torque was recorded until complete degradation of 
the polymer samples took place. In the static method, the polymer nanocomposite 
samples, previously compression moulded, were placed in an oven and the change 
of colour of the materials was assessed during the degradation progress. This 
chapter will assess the thermal properties of the materials by both methods. 
 
6.2 Dynamic Approach 
6.2.1 Urea Method-based samples 
The samples of hydrotalcite were tested in poly(vinyl chloride) in a different set of 
experiments using the PolyLab Rheometer. The materials are listed in Table 3.5. All 
the experiments were run with the same conditions i.e. at a temperature of 180°C 
and processing speed of 40 rpm for 30 minutes. In order to test the thermal stability 
of poly(vinyl chloride) with added synthesised hydrotalcite, all the formulations were 
composed only of the polymer resin and the stabilizers; no lubricants were needed.  
The degradation of the PVC formulation during processing is assessed by monitoring 
the torque and noting when there is an increase in the torque value. It is possible to 
assess the "Degradation point" as the peak of the torque of the samples although, at 
this point, the polymer is already well degraded. Thus, the optimum way to obtain a 
reasonable value is to consider the point when the curve of the torque starts to rise 
(as explained in Chapter 3). Nevertheless, this is also the point where the material 
starts to cross-link and after this point the polymer goes completely black. Thus, for 
each formulation, the start of the degradation is the time coincident with the increase 
in torque value (see Figure 3.13).  
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6.2.2 Urea Synthesis and Stearate Modified Samples 
The quantities of the materials used for each experiment are listed in Tables 6.1 and 
6.2. The values are given in phr, which means, "part per hundred parts of resins". 
Thus, the 100 phr is the polymer matrix and then different amounts of additives are 
added to the formulation. The total amount of PVC resin and additives used in the 
test is about 70 grams, which is kept constant in all the experiments. There is no 
particular reason to keep the mass of the samples at 70 grams other than keep it 
lower than the maximum volume of the chamber that is 80cm3.   
 
Control1  Control2 EXP1 EXP2 EXP3 
Materials 
phr grams phr grams phr grams phr grams phr grams 
Ineos 
6830 
100 67 100 67 100 67 100 67 100 67 
PWX 
15860 
4 2.68 4 2.68 4 2.68 4 2.68 - 
HT31 - - 2 1.34 - - 
Alcamizer 
P93 
(AP93) 
2 1.34 - - - - 
Calcined 
AP93 
- - - 2 1.34 4 2.68 
 
Table 6.1. Dynamic experiment using the Haake rheometer. These samples represent the first set of 
experiments. 
Samples HT31, HT41 represents samples with the Mg:A; 3:1 and 4:1 done with the 
batch G. The stHT0.1 and stHT0.03 are the samples of modified clay. During the test 
the materials degrade, which brings about colour changes so that the PVC resin and 
additives are initially white but at the point that the torque increases and degradation 
occurs, the colour will change from yellow to brown (Figure  6.1a). This is in contrast 
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to the colour of formulations that achieved complete degradation, which become 
completely black (Figure 6.1b).  
 
EXP4 EXP5 EXP6 
Materials 
phr grams phr grams phr grams 
Ineos 6830 100 67 100 67 100 67 
PWX 15860 4 2.68 4 2.68 4 2.68 
StHT0.1 2 1.34 - - 
StHT0.03 - 2 1.34 - 
HT41 - - 2 1.34 
 
Table 6.2. Dynamic experiment using the Haake rheometer. Second set of experiments. 
 
Formulations 
(Hydrotalcite phr) 
Average Time of 
Degradation (min) 
Error (±, min) 
Control1 30* 2.5* 
Control2 17 1.7 
EXP1 15 0.5 
EXP2 15 2 
EXP3 9 0.6 
EXP4 15 0.7 
EXP5 15 0.6 
EXP6 11 0.6 
        *Value estimated. 
 
Table 6.3. Average time of degradation for the urea synthesis method.  
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Figure 6.1. a) Control1, residue of PVC after 30 minutes. The colour is still not black. b) EXP2, material after 
complete degradation. The difference in colour can be seen. 
 
It can be seen from Fig. 6.2 that the best thermal stabilisation is obtained with the 
formulation containing primary stabiliser Ca/Zn stearate plus commercial 
hydrotalcite. 
 
Figure 6.2. Plot of EXP1 versus the control formulation with AP93. It can be seen that the EXP1 degrades just 
before 15 minutes. 
 
This result is not surprising and it is kept as standard control in order to assess with 
more efficiency the performance of the new materials.  Figure 6.2 shows that the 
b) a) 
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torque values start raising after about 27 minutes of processing. This value is very 
high which indicates that the material can tolerate higher temperatures.  All the 
values of degradation were analysed on 30 minutes experiments so the Control1 
formulation was greater than that value. In order to obtain its average time of 
degradation, the higher value was estimated and then calculated with higher error 
(see Table 6.3). In fact, even if a lowest value of degradation of 27 minutes is 
considered, it indicates a good degree of synergism between hydrotalcite and 
primary stabilisers such as Ca/Zn stearate.  
In Figure 6.2, EXP1 corresponds to the synthesised hydrotalcite made by the urea 
method; it can be seen that the degradation point is just before 15 minutes, which is 
a low performance compared with the control filled with Alcamizer P93 (see also 
Table 6.3). As seen before in Chapter 5, the CHN analysis revealed the presence of 
nitrogen in samples with Urea method indicating the possible presence of amines, 
which could catalyse the degradation of the polymer by inducing loss of chlorine from 
the backbone of the PVC chain. The temperature profile was similar to the control, 
remaining steady at approximately 200ºC while the torque values of the polymer 
composite were slightly higher but not enough to suggest any particular effect. On 
the other hand, the gelation time (Figure 6.2, black arrow) would suggest a faster 
fusion of the PVC. In fact, the peak is sharper than the formulation containing AP93.  
The experiment using calcined hydrotalcite (calcined Alcamizer P93, EXP2, Figure 
6.3) gave an average degradation time of 15 ±2	  minutes, which does not compare 
favourably with control1. The gelation peak became broader and was reached later 
indicating that the polymer required more time to fuse. This phenomenon can be 
seen in Figure 6.4, where the Control1 and EXP2 gelation profiles are shown. The 
first two peaks represent an instrument reading at time zero due to the introduction 
of the sample into the rheometer chamber. 	  
 
                                                                Chapter 6 – Results and Discussion Thermal Stability Testing 
 
[209] 
 
 
Figure 6.3. Plot of EXP2 versus the control formulation with AP93. It can be seen that the EXP2 degrades in 
around 15 minutes, not comparing favourably with the Control1.  
Furthermore, Figure 6.4, shows also that the later peak cannot be an instrumental 
error because the two first peaks are coincident which means that the test procedure 
was good.  
 
Figure 6.4. Plot of gelation peak for the Control1 compared to EXP2. It can be seen the slower gelation for the 
sample EXP2. The black arrow is indicating the peaks due to the introduction of the samples in the instrument.   
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At first glance, this is not a very good result; nevertheless, has to be noted that the 
calcination of hydrotalcite leads to the loss of the structure and presumably also of 
the anion scavenging properties. However, this is partially true because the 
calcination has been performed at 450°C, which is below the threshold temperature 
of formation of magnesium oxide and spinel; therefore, it would be possible that 
chlorine from the degraded polymer interacted with the hydrotalcite to some extent. 
Figure 6.5 represents the Control2 , a formulation containing Ca/Zn alone. Here it 
could be argued that there is no significant difference between the values of 
approximately 15 minutes (Figure 6.3) and about 17 (Figure 6.5). Both the 
formulations showed great variability as shown by the error of ± 2 and ±1.7 minutes 
(Table 6.3). This result suggests that there is no contribution from the calcined 
hydrotalcite in a formulation with the Ca/Zn stearate; furthermore, there is no 
synergism between the small particles of the calcined clay and the thermal stabiliser. 
This is just to explain that the contribution to the almost 15 minutes in Figure 6.3, it 
could be only due to the Ca/Zn stabilizer.  
 
Figure 6.5. Plot of Control2 versus the control formulation with AP93. It can be seen that the Control2 degrades in 
just around 17 minutes. 
 
Another, confirmation is suggested by EXP3, which involved the use of calcined 
hydrotalcite (calcined Alcamizer P93) by itself but with greater loading to match the 
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Control2 sample and which can be observed in Figure 6.6. Here the gelation started 
notably quicker, in approximately 0.4 minutes. 
 
Figure 6.6. Plot of EXP3 versus the control formulations. It can be seen that the EXP3 degrades in around 9 
minutes. The black arrows show the shift of the time of the gelation toward time zero and the early degradation. 
(The temperature profile for the Control2 was not possible to record because of an instrumental fault). 
 
The gelation trend can be seen in Figure 6.7, which shows an opposite pattern 
compared with both the control formulations and an immediate gelation.  
Furthermore, the degradation of the polymer took place just after approximately 9 
minutes, suggesting that calcined hydrotalcite, somehow, catalysed the 
dehydrochlorination of PVC. It is also possible to observe that the torque was 
decreasing most of the analysis and was steady for a short time before the 
degradation peak. This suggests that the calcined hydrotalcite was directly affecting 
the cross-linking and viscosity of the polymer matrix. Therefore, the analysis of the 
Control2 and EXP3, shows that, in formulations of calcined hydrotalcite and metals 
stearate, the major contribution to stability is still from the Ca/Zn stearate. Moreover, 
if the Ca/Zn stearate is present within the formulation, the degradation can be 
delayed (Figure 6.3). Instead, a reverse trend was shown with the EXP1 (Figure 6.2), 
where even if the presence of metals stearate is acknowledged, the degradation 
cannot be stopped. The main reason may be due to formation of amines as by-
product of the synthesis, which was not eliminated during the washing cycles. 
Early Degradation  
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Figure 6.7. Plot of different pattern of the polymer matrix gelation for Control1 and EXP3. 
 
Experiments 4, 5 and 6, the formulations of which are given in Table 6.2, 
investigated the possible difference in thermal stabilisation when the materials are 
modified with organic compounds.  
In Figure 6.8 it can be seen that synthesised hydrotalcite containing sodium stearate, 
EXP4, had a similar stabilisation effect compared to EXP1 which was made only with 
hydrotalcite; furthermore, this result could be conclusive because the sample EXP4 
showed a degradation time of approximately 15 minutes. This shows that the main 
influence on the stabilization is given by the hydrotalcite. 
The gelation is still affected by hydrotalcite, showing a sharp spike at approximately 
1.75 minutes (Figure 6.8 dashed line) but a closer look reveals another small peak at 
1.3 minutes (Figure 6.9). This is probably due to a small amount of material, which 
started to gel before; as it is shown also by some previous hydrotalcite samples, it 
appears that the material can catalyse the degradation of the polymer and increase 
the gelation. Thus, it is possible that a small amount of hydrotalcite, not completely 
dispersed in the polymer matrix, started fusing the polymer sooner; while the rest of 
the hydrotalcite reacted just after.  Figure 6.9 (black arrow) also revealed a slight 
difference in the two first peaks, which does not affect the outcome but showing only 
a minor difference in the speed of introducing the control and the other sample. 
Nevertheless, this indicates that when hydrotalcite is introduced, the structure of the 
polymer is immediately affected.  
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Figure 6.8. Plot of the Control1 experiment versus the low surfactant content modified hydrotalcite (EXP4).  
 
Figure 6.9. Plot of gelation profiles of Control1 and modified hydrotalcite (EXP4). The two initial peaks show a 
slight difference in the introduction of the sample (black arrow); the gelation peak is enlightened showing a small 
shoulder (dashed arrows).  
In Figure 6.10, it can be seen that the two curves, EXP4 and EXP5 are very similar, 
with only minor differences in time and gelation peak, from which it can be concluded 
that the concentration of the surfactant in the modified hydrotalcite does not affect 
the final outcome. 
                                                                Chapter 6 – Results and Discussion Thermal Stability Testing 
 
[214] 
 
The gelation profiles for the samples EXP4 and EXP5 are shown in Figure 6.11. It 
can be seen that the EXP5 is following the same profiles of the Control1 and EXP4, 
which suggests that EXP5 may not have completely dispersed during mixing.  
 
Figure 6.10. Plot of the Control1 experiment versus the low surfactant content modified hydrotalcite 
(EXP4&EXP5). 
 
Figure 6.11. Plot of gelation profile for the modified hydrotalcites (EXP4&EXP5). 
 
EXP6 was made with a different ratio Mg:Al compared to the other clays.  This did 
not improve the thermal stability of the polymer, as can be seen in Figure 6.12 where 
the time of degradation is approximately 11 minutes compared with the 15 minutes 
of the modified hydrotalcites. It is clear from Figure 6.12 that the EXP6 clays reduced 
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the thermal stability of the PVC matrix; the clay performed lower than EXP1 clays, 
which was set at approximately 15 minutes.  This result is comparable with the 
calcined hydrotalcite results, where the PVC without the Ca/Zn stabilizer degraded at 
approximately 9 minutes. 
The gelation profiles of EXP4, EXP5 and EXP6 are showing in Figure 6.13. It can be 
seen that these are very similar with the other samples and the control sample, 
suggesting that the hydrotalcite does not affect the first stage of the experiment to 
the same degree as calcined hydrotalcite and Ca/Zn stearate. 
 
Figure 6.12. Plot of different hydrotalcites not modified compared with the organo-clays control 
 
As discussed before, the early onset of degradation can be due to impurities in the 
samples or not reacted reagents (i.e. urea method clay samples), which catalyze the 
degradation. This may have explained the results of the previous samples, where 
various washing procedures were used. However, although samples from EXP4 to 
EXP6 were washed exhaustively by a standard procedure, the degradation 
behaviour was similar, which suggests other factors may be more significant.  For 
example, it can be noted that the XRD pattern for the commercial product revealed a 
very crystalline material, which was opposed to the synthesised hydrotalcite, which 
was less crystalline; therefore, this could be one explanation for the variation in 
thermal stability. 
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Figure 6.13. Plot of gelation profiles of the previous samples. It can be noted that the profile are almost coincident 
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6.2.3 Overall Conclusion: Calcined Samples and Urea Method-
based samples 
The hydrotalcites based on the urea hydrothermal method were assessed with 
Haake Rheomether, to monitor the degradation of the poly(vinyl chloride) 
nanocomposites and compared with control formulations. The main conclusion can 
be summarized: 
 
• The Control formulation 1, containing Ca/Zn stearate (primary stabiliser) and 
commercial hydrotalcite remained the formulation with the slowest rate of 
degradation. 
• The Control formulation 2, containing only Ca/Zn stearate (primary stabiliser) 
performed not as well as the formulation containing calcined hydrotalcite and 
the primary stabiliser. It has been suggested that the performance was due to 
the only presence of Ca/Zn stearate because a similar formulation containing 
only calcined hydrotalcite performed poorly, degrading at 8.7minutes. 
• Hydrotalcites synthesised with different molar ratio or modified with stearate, 
performed poorly giving results between 11 and 15 minutes; thus, below the 
18 minutes of Control 2 formulations and very poorly compared with Control1. 
• Gelation profiles were noted to change with the addition of synthesised 
hydrotalcites in the formulation. 
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6.2.4 Constant pH-based Samples 
The constant pH synthesised samples were studied firstly in order to determine 
whether these clays could enhance the thermal stability of PVC nanocomposite and 
secondly in order to find the best formulations.  These new materials were therefore 
compared with the commercial products.  
The constant pH method was suitable for assessment by the rheometer method 
because a larger quantity of clay was easier to synthesize and in a shorter time than 
the urea method. The greater quantities of clays also made it easier to use drying 
technologies such as the spray dryer whereas the other method needed several 
days to synthesize enough material. The constant pH samples were collected as wet 
cake after synthesis and filtration and dispersed in distilled water in preparation for 
spray drying. After drying, the materials were ready to be processed with PVC.   
The PVC formulations are listed in Table 6.3, 6.4 and 6.5, which also list the quantity 
of the materials in grams. The formulations are basic as those previously examined 
so only Calcium/Zinc Stearate and the synthesized clays were used; therefore, to 
reveal any possible enhancement of the clay (or organo-clay) in thermal stability. 
Metal stearates were still used because hydrotalcite is supposed to work as a 
secondary thermal stabilizer and anyway the trend of the primary stabilizer was 
previously showed. While the previous experiments with the urea method clays were 
conducted as assessment of the possible enhancement of the PVC formulations; the 
following experiments were conducted to establish if there was a best hydrotalcite 
formulation and process it with high speed mixing, roll-milling and compression 
moulding. The formulations from FM1 to FM10 are made with increasing amount of 
hydrotalcite from 0.1 to 10 phr of clay. 
FM1 FM2 FM3 FM4 FM5 
Materials 
phr grams phr grams phr grams phr grams phr grams 
Ineos 6830 100 67 100 67 100 67 100 67 100 67 
PWX 15860 4 2.68 4 2.68 4 2.68 4 2.68 4 2.68 
PHHT 0.1 0.06 0.2 0.13 0.3 0.20 0.4 0.27 0.5 0.33 
 
Table 6.4. Formulations of PVC nanocomposites with increasing amount of hydrotalcite. Formulations from 0.1 to 
0.5phr of clay. 
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The formulations FM11 and FM12 are made with organic-modified hydrotalcite; in 
the FM11 the surfactant is added during the synthesis of the clay while the FM12, 
the organic modifier is added during the filtering process.  
Table 6.7 shows the average time of degradation of the PVC formulations containing 
the constant pH synthesised hydrotalcite, along with the calculated error. The 
discussion on the Haake rheometer traces follows. 
 
FM6 FM7 FM8 FM9 FM10 
Materials 
phr grams phr grams phr grams phr grams phr grams 
Ineos 6830 100 67 100 67 100 67 100 67 100 67 
PWX 
15860 
4 2.68 4 2.68 4 2.68 4 2.68 4 2.68 
PHHT 1 0.67 1.5 1.00 2 1.34 5 3.35 10 6.7 
 
Table 6.5. Formulations of PVC nanocomposites with increasing amount of hydrotalcite. Formulations from 1 to 
10 phr of clay. 
 
FM11 FM12 
Materials 
phr grams phr grams 
Ineos 6830 100 67 100 67 
PWX 15860 4 2.68 4 2.68 
OrganoClay 1 1 1.34 - - 
OrganoClay 2 - - 1 1.34 
 
Table 6.6. Formulations of PVC nanocomposites with modified hydrotalcite at low (FM11) and high surfactant 
concentration (FM12). Formulations were set at the same phr level. 
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Formulations (Hydrotalcite 
phr) 
Average Time of Degradation 
(min) 
Error (± min) 
Control2 17 1.7 
FM1  (0.1) 15.5 1.2 
FM2 (0.2) 16 0.5 
FM3 (0.3) 16 0.9 
FM4 (0.4) 15 0.4 
FM5 (0.5) 17 0.7 
FM6 (1) 19 0.6 
FM7 (1.5) 17 0.2 
FM8 (2) 15 0.9 
FM9 (5) 8 0.3 
FM10 (10) 6 0.1 
FM11 (1) 13 0.4 
FM12 (1) 14 0.3 
 
Table 6.7. Average time of degradation for the formulations from FM1 to FM12. 
 
The effect of increasing the hydrotalcite content in the PVC formulation is shown in 
Figure 6.14; the plot represents the increase from 0.1 to 0.5 phr, which is a very low 
content compared with the control at 4 phr.  
The control2 is performing similar compared with all the formulations but it has to be 
considered that this formulation suffered from variability in the results with an error of 
±1.7 minutes. It can be seen from Figure 6.15 that the values of degradation for the 
FM1 to FM5 were much closer but the formulations had greater variability as a result 
of the small amounts of material used. For example, sample FM1, which had a very 
low amount of hydrotalcite, had the greatest error. This is not surprising since even if 
the formulations were pre-mixed, the material could not completely blend with the 
PVC resin. In Table 6.7 can be seen that formulations with greater hydrotalcite phr 
were much more consistent. The low concentrations of clay, in samples FM1 to FM5, 
did not have a great effect on the degradation time. However, its influence is 
apparent, especially when compared with the control so that with increasing amounts 
of hydrotalcite, a decrease of gelation time is observed.  This is can be clearly seen 
from Figure 6.16 and can be directly compared with the control formulation. The shift 
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of the gelation toward time zero is noticeable; it appears for greater concentration 
that the gelation starts as soon the sample is introduced in the chamber.  
 
Figure 6.14. Plot of FM1 to FM5 compared with the Control2. It can be seen that the values for the degradation 
are very close; the gelation profiles are very different compared to Control2. 
 
 
Figure 6.15. Plot of FM1 to FM5 with almost coincident values for some of the samples. 
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Figure 6.16. Plot of gelation profiles for the series from FM1 to FM5, which indicates a premature gelation point 
with the increase of the hydrotalcite content. 
 
 
In Figure 6.17 is shown again the premature decrease of the gelation curve for 
samples FM1 to FM5. The black arrows show how the approximate minimum of the 
curve is shifting to higher torque values, indicating that the viscosity of the blend was 
increasing.  
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Figure 6.17. Plot of the gelation shift in the series FM1 to FM5 versus Control2. The black arrows are pointing to 
the minimum and denoting its shifting to time zero. The dashed arrow is pointing to the approximate rate of 
gelation. 
 
As soon as the hydrotalcite was introduced in the system, the gelation started and 
the width of the peaks decreased noticeably. After the FM1 samples, the values are 
lower but stable for the formulation from FM2 to FM5. 
The series from FM5 to FM8 represented in Figure 6.18 indicates an increase in the 
thermal stability for formulations FM5, FM6 and FM7, but a possible decrease for the 
FM8.  However, a similar trend is shown for the time of gelation, which behaves as 
the preceding samples. Table 6.7 shows that a certain amount of variability is 
present for the formulation FM8 that could indicate an insufficient mixing due to the 
higher content of the clay. 
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Figure 6.18. Plot of Experimental samples from FM5 to FM8 versus Control2. 
 
The trend for the series from FM5 to FM8 is shown in Figure 6.19, which denotes the 
stable values for the formulations containing 0.5 and 1.5 phr; while an increase in 
thermal stability is associated with the formulation containing 1 phr. As a result of 
increasing the concentration of the inorganic additive, the time of degradation is 
decreased to approximately 15 minutes, as opposed to almost 19 minutes for the 
lower grade, considering the average time of degradation from Table 6.7.   
Figure 6.20 shows the gelation profiles for the series from FM5 to FM8 and 
especially the difference of the gelation amplitude (Control2) compared with the 
much narrower of the formulation polymer / hydrotalcite. The dashed lines represent 
the width from the minimum to the maximum of the gelation, which highlights the 
lower time and higher torque for the hydrotalcite-based formulation. In Figure 6.20 
the arrow indicates the short gelation period associated with the samples with higher 
hydrotalcite content.  
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Figure 6.19. Plot of the series from FM5 to FM8 which shows the difference in values between FM6 and FM8 
versus Control2. 
 
 
Figure 6.20. Plot of the gelation profiles for the samples from FM5 to FM8. The width of the gelation peak is 
evident only for the Control2. 
 
The decrease of gelation time is consistent in every formulation with hydrotalcite, as 
shown before; thus, the formulations with excess of clay were tested. This is 
because the consistency in the data led to the idea that the reduction in gelation 
time, along with the higher torque values, could possibly be related to earlier 
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degradation. In particular, the higher torque values could be the indication of a 
premature cross-linking due to the introduction of hydrotalcite. 
Figure 6.21 shows the trend followed by formulations FM6 and FM8-10. The 
comparison involved two medium loaded formulations such as 1phr and 2phr; 
however, two high loading formulations of 5phr and 10phr were introduced to study 
the effect on the polymer matrix.   
It can be seen from Figure 6.21 that the results of high loaded PVC matrix influenced 
the performance in the Haake rheometer. The degradation time, according to Table 
7.7, was decreased from 8 minutes (5phr) to 6 (10phr). 
 
Figure 6.21. Plot showing that increasing hydrotalcite content decreases degradation time (a consistent trend is 
apparent). 
 
The influence of the high loading of clay is also shown in Figure 6.21 by the 
decreasing distance between the degradation and gelation peak (showed by the 
black arrows on the FM10). Furthermore, the viscosities of the polymer 
nanocomposites are not stable before degradation; the introduction of greater 
content of clay produces a direct change in gelation and viscosity. These changes 
suggested that the polymer could undergo quicker premature degradation. The 
higher clay loading could speed up the process, with   FM10 as the extreme 
example, while the lower content, such as FM6 could slow down the process. 
Nevertheless, it appears that a change in the polymer matrix is undoubtedly due to 
the introduction of hydrotalcite because the gelation profiles are different to the 
Controls irrespective of the hydrotalcite content. 
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The change in the gelation profile is clearly shown in Figure 6.22, which shows the 
complete disappearance of the gelation, as seen in Control2, in FM10. The two 
arrows show the different gelation profiles. The introduction of the samples is usually 
followed by a drop of torque preceding the gelation. However increasing the clay 
content the drop is much less noticeable and is not followed by a peak, which 
suggests an immediate gelation.  
 
 
 
Figure 6.22. Plot of gelation profiles for the higher polymer clays loading. After the introduction of the samples the 
torque values drop but never rise to have the gelation peak. 
 
An overall 3D representation is shown in Figure 6.23, which compares the 
formulations from the Control2 to the polymer with maximum hydrotalcite loading 
(FM10). Once again the disappearing of the gelation peak is very visible especially in 
this figure. 
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Figure 6.23. Plot of overall representation of the PVC matrix with increasing amount of hydrotalcite. The Control2 
is represented as “Blank”. 
 
In Figure 6.24 can be seen the consistent values of the time of degradation versus 
the hydrotalcite content; the trend is clear, showing there is a decrease in the 
thermal endurance due to the increasing clay content.   
 
 
Figure 6.24. Formulations containing 1, 2, 5, 10 phr of clay: time of degradation decrease while increasing the 
hydrotalcite content in the polymer matrix. 
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It can be seen from the previous results that overall, hydrotalcite, does not improve 
greatly the properties of the polymer matrix. Furthermore, when the amount of 
inorganic additive exceeds 1phr, then the thermal degradation drops along with the 
gelation time. The dynamic test is an aggressive test, which needs to be followed by 
other testing, such as static tests. Nevertheless, among the polymer-clay 
formulations, the best formulations were those containing the 1phr, so for this 
reason, organoclays were produced in small amount to be tested within the polymer 
matrix. 
The addition of surfactant to hydrotalcite is shown in Figure 6.25, which is compared 
to the best PVC/Hydrotalcite formulations, i.e. FM6 (1phr of Hydrotalcite).  It can be 
seen that varying the concentration of surfactant on the hydrotalcite does not 
improve the stability; rather, a slight decrease is noticed when the amount of the 
surfactant is increased in the clay (FM11 to FM12).  The formulation FM6 without 
surfactant lasted longer and also the gelation time, even if short, was less reduced. 
However, it can be seen from Figure 6.26 that the gelation profiles, in details, are 
much alike and all greatly reduced. The influence of the gelation profile is found to be 
a characteristic across all the formulations with synthesized clay.  
 
Figure 6.25. Plot of the series from FM11 to FM12 compared with the FM6. No improvement noticed with the 
addition of organoclays. 
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Figure 6.26. Plot of the gelation profiles for the PVC/ organoclays formulation compared with the FM6.  
 
The overall results for the clays tested during the trials are displayed in Figure 6.27, 
which illustrates the dependence between the clay content and the thermal 
degradation of the polymer matrix. 
 
Figure 6.27. The overall results for the PVC - Hydrotalcite formulations. 
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6.2.5 Overall Conclusion: Constant pH-based Method Samples 
The hydrotalcites based on the Constant pH-based method were assessed with 
Haake Rheomether, to monitor the degradation of the poly(vinyl chloride) 
nanocomposites and compared with control formulations. Different amounts of PHHT 
clay were studied, in order to optimise the PVC / clay formulations.  The main 
conclusions can be summarised: 
 
• Control 2 formulations were compared with formulations containing different 
amount of PHHT clay and the results were found to be comparable when the 
amount of clay was approximately 1phr. 
• Low amount of hydrotalcite lowered the start point of degradation as well as 
high amount. 
• A strong modification of the gelation profiles was induced when hydrotalcite 
was introduced; this phenomenon is directly linked with the amount of 
hydrotalcite; it was shown and proved that more hydrotalcite introduced the 
faster the gelation is.  
• Surfactant modified clays negatively affected the time of gelation and time of 
degradation. 
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6.3 Static Approach 
The static method is a simple way to objectively assess the degree of degradation of 
the polymer nanocomposite matrix.  
As explained in the Chapter 3, the formulation containing the poly(vinyl chloride) and 
the additives such as Ca/Zn stabilizer, titanium dioxide and/or hydrotalcite, were 
mixed using an high speed mixer. Titanium dioxide was added to give a white 
pigment to the PVC product and assist in assessing the samples. The instrument 
could deliver a much higher degree of mixing compared to the bench instrument for 
preliminary mixing. The high speed was thought to completely disperse the already 
fine hydrotalcite powder and deliver better properties. The preparation of the 
samples is demanding in term of materials resources, thus the quantity for a single 
high speed mixing was 3 kilograms in total; therefore, the preparing a formulation 
with 2.5 kilograms of poly(vinyl chloride), requested 25 grams of clay. The timetable 
did not allow preparation of more than one formulation of PVC/nanocomposite with 
this method; therefore the best formulation of the dynamic testing was chosen to 
produce the samples for the static approach. 
Following the mixing stage, the formulation was mixed with a roll mill which also 
produced sheets of poly(vinyl chloride) nanocomposite; subsequently, the material 
was compression moulded to obtain a rigid PVC product.  
To carry out the static thermal test, the rigid poly(vinyl chloride) samples were cut 
into squares of 4cm2 which were individually wrapped in aluminium foil to avoid 
contamination with the adjacent samples. The materials were then placed in an oven 
at 180ºC and removed at intervals of 10 minutes.  
The assessment was made on the colour of the samples and being a less 
aggressive test, the black colouration happened much later.  The FM6 formulation 
from the dynamic testing with the Haake rheometer was chosen as the best 
formulation to compare with a control formulation made only of Ca/Zn stearate and 
titanium dioxide.  
Figure 6.28 shows the two formulations, the control1 (see previous sections) and the 
poly(vinyl chloride) nanocomposite with 1phr hydrotalcite loading. It can be seen that 
the control formulation (blank) is whiter than FM6 overall the experiment. Initially, the 
FM6 had a pink coloration which persisted up to approximately 60 minutes, point 
where the material drastically changes to an orange colour. From this point on, the 
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FM6 gradually became darker with the onset of cross-linking. At 120 minutes, the 
material was completely orange and at 150 minutes turned darker which was the 
point of degradation. On the contrary, the control remained white until approximately 
80 minutes when the coloration started becoming pink, remaining so up to 120 
minutes, after which it increasingly became darker and darker to the point of 
degradation at 150 minutes.  The degree of degradation of the materials was worst 
for the FM6 which at 150 minutes was completely black, opposed to the control 
which only started to darken. Overall, the FM6 gives a good indication of what 
happens into the poly(vinyl chloride) when cross-linking is started. The ongoing 
degradation produce more and more conjugated bonds on the polymer chain; the 
characteristic of these bonds is to absorb UV light; thus, increasing their 
concentration and length, brings changes in colouration. Furthermore, there is 
development of different species such as hydrochloric acid, benzene, and toluene 
with the progressing of the degradation. When the material is completely black, then 
only carbonaceous product is left. 
 
 
Figure 6.28. Static Thermal Testing. It can be seen the blank (Control1) formulation compared with the FM6. The 
starting colour of the FM6 is pinkish. 
 
The comparison with the dynamic test is difficult because the Haake rheometer is a 
direct test while the static test is an indirect one. However, even if FM6 has a pink 
colouration from the starting 10 minutes, the colouration is persistent for 
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approximately 30-40 minutes, which could suggest that hydrotalcite intrinsically 
donate this colouration. On the contrary, studying the dynamic tests, there are strong 
evidences that the clay interacts immediately after the introduction in the Haake 
rheometer chamber.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                Chapter 6 – Results and Discussion Thermal Stability Testing 
 
[235] 
 
6.3.1 Overall Conclusion: Static Approach 
The static method was a simple way to assess the degree of degradation of the 
polymer nanocomposite matrix as final product of the processing. The main 
conclusions can be summarised: 
 
• The formulation containing 1 phr of hydrotalcites synthesised with the 
Constant pH method was used to produce PVC nanocomposites sheets. 
• A blank formulation was used as comparison to PVC/Clay nanocomposites, 
which contained only Ca/Zn stabilizer. 
• No drastic change of colour was recorded for both the formulations. However, 
the formulation containing the clay started with a pinkish colouration and had 
a faster rate of discolouration compared to the blank. At 150°C the blank 
formulation was turning black while the clay-containing formulation became 
black. 
• The best polymer/clay formulation (FM6) contains only 0.67 grams of clay. 
Improvement in the synthesis, modification or purification of the powder might 
also improve the properties. 
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Chapter 7  
Conclusions  
 
7.1 Conclusions 
Hydrotalcites were studied in order to find a new or improved method for 
synthesis and modification, avoiding agglomeration and reducing the particle 
size. Furthermore, the clays were incorporated into poly(vinyl chloride), in 
order to assess their thermal stabilisation capacity compared with commercial 
products.  
 
7.2 Calcination and Modification 
Modification of the clay was done after calcination and then the hydrotalcites 
were re-constructed using their so-called memory effect. X-Ray diffraction 
confirmed that the memory effect of hydrotalcite occurred accompanied by re-
crystallisation. However, less positive results were obtained when the 
reconstruction was investigated in the presence of different surfactants or long 
chain molecules. It was thought that the low dispersion of the clay and the 
high viscosity of surfactant (i.e. Lanphos) could prevent the modification 
stage. Furthermore, heavy agglomeration was found in the final modified clay 
product, which suggested that a better drying stage was needed. 
The results of the modification suggested that to produce a fine powder and at 
the same time introduce modifying agents, a better method was to carry out 
synthesis of hydrotalcites.  
 
7.3 Urea Method 
The synthesis of hydrotalcites was carried out using a hydrothermal method 
(urea method) and a constant pH-based method; both methods were 
assessed via various different characterisation techniques. The urea method 
samples were obtained at different synthesis times and temperature; different 
experiments were also carried out to improve the de-agglomeration using 
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state of the art drying techniques. On the other hand, the constant pH 
synthesis method was carried out at room temperature and at lower synthesis 
time. This speeded up the sample preparation. Drying techniques (freeze 
drying and spray drying) were routinely used to produce grams of material. 
The constant pH method was found to be a quicker and more straightforward 
way of preparation. Ageing of the clay using an autoclave was carried out to 
improve the crystallinity of the material and help to produce finer powders. 
Different methods were tested, i.e. hydrotalcite aged via autoclave, 
unmodified hydrotalcite, surfactant modified hydrotalcite.  
The XRD results on the urea method showed that the clay was starting to 
form after 4 hours of synthesis. This was confirmed by morphology studies by 
SEM. Thermal analysis indicated that an early synthesis time produced water 
rich intermediates with no well defined hydrotalcite structure. The UH24h 
samples contained very small quantities of un-reacted reagents; however, for 
most of the samples, the presence of many steps cannot be yet explained. 
The best result was achieved when the synthesis times were up to 24 hours. 
There was a characteristic hydrotalcite XRD pattern and particle morphology. 
CHN analysis of the samples confirmed the presence of nitrogen in the 
UHT24h samples, which even in low concentration could be a major drawback 
for the thermal stability of PVC, triggering its degradation. 
Early experiments were done on the molar ratio Mg:Al and the use of solvent 
(i.e. ethylene glycol) during the synthesis. However, this was abandoned 
because commercial products were all showing a molar ratio of 3:1; the use of 
solvent was abandoned because it was expensive for future scaling up.  
Furthermore, it was found that spray-drying greatly improved the production of 
very fine powder in an easy and fast way. Other drying methods were 
assessed (i.e. conventional drying, freeze-drying) but spray-drying was found 
to be best of all. Evidence of heavy agglomeration was found using 
conventional drying, while the freeze-drying method gave better results but 
with particles agglomerated up to 20 microns. 
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7.4 Constant pH Method 
Constant pH method (which samples were labeled PHHT) was the quickest 
and easiest way to produce hydrotalcite in a very economical way; in fact, no 
particular solvents were required, the temperature was set at room 
temperature and the mixing time was short, a minimum of 30 minutes.  
However, some drawbacks were found by using X-Ray diffraction; the 
samples showed an amorphous character, which suggested that producing 
the clay at room temperature or low mixing time, was not the best way to 
produce crystalline hydrotalcite. It was suggested that the amorphous phase 
was due to the intermediates of the starting salts, which did not have time to 
react. The XRD patterns were compared with the urea method and showed a 
higher crystalline pattern (after 24 hours of synthesis). Furthermore, the 
constant pH method samples were not modified successfully using sodium 
stearate; this was probably due to the condition of the synthesis and the 
absence of nitrogen purge gas in the system which allowed the carbonate to 
compete for intercalation with the long chain surfactant; however, the thermal 
analysis indicated that micro-composite could have been created showing 
earlier degradation stages compared with unmodified clays; in this case the 
surfactant would lie on the surface of the clay platelets. The XRF analysis 
showed a high concentration of sulphur; probably this was due to un-reacted 
reagents or unsuccessful washing of the product. Therefore, it might have 
been responsible for the outcome of the thermal analysis and also indicating 
that better synthesis conditions were required.  
Scanning electron microscopy studies showed how the morphology of the 
platelets of hydrotalcite changed when autoclaving was introduced; the PHHT 
samples were greatly improved when the materials were aged using an 
autoclave for 6 and 24 hours at 150°C. The XRD pattern showed an increase 
in crystallinity and the SEM showed, finally, the characteristic hexagonal 
shape of the hydrotalcite. The previous PHHT samples unaged showed a 
completely different particle shape, reinforcing the idea that the synthesis was 
not carried out in the most appropriate way and that a small percentage of the 
final product was converted to hydrotalcite. Spray drying was used as a 
routine technique and was necessary to produce fine powder.	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The increase of crystallinity was supported by the BET results, which showed 
generally higher surface area for all the samples, compared with the 
commercial materials. Higher surface area was obtained in samples of  PHHT 
autoclaved for 6 hours and lower for samples aged at 24 hours, which 
suggested that increasing the ageing time, increased the dimension of the 
platelets or the agglomeration. 
 
7.5 Thermal Stability Testing 
Thermal stability testing was a fundamental tool to assess the materials 
produced and their effect on the polymer formulation. Various hydrotalcites 
were tested in different poly(vinyl chloride) formulations, mainly using a 
dynamic thermal stability method. Due to its complexity in term of various 
processing stages, the static approach was used only on the material that 
gave the most promising results as a thermal stabiliser.  
 
7.5.1 Urea Method-based samples and their Effect on PVC 
Thermal Stability  
The hydrotalcites synthesised by the urea method were assessed and 
showed no improvement in the thermal stabilisation of the polymer. The PVC 
degraded between 11 and 15 minutes in the dynamic thermal stability test. 
However, this could be explained by the presence of nitrogen found earlier by 
the CHN analysis and probably due to the presence of un-reacted urea. 
Unfortunately, amines can be responsible for triggering degradation in 
poly(vinyl chloride). This suggested that the urea method of synthesising 
samples of hydrotalcite is avoided or a new method to diminish the 
concentration of nitrogen is needed. 
The amount of clay added during the Haake rheometer analysis, influenced 
the time of gelation, which suggests that hydrotalcite enhances the fusion of 
the polymer but also lowers the time of degradation. 
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7.5.2 Constant pH-based Samples  
The constant pH (PHHT) samples were thought to be the best candidates as 
PVC nanofillers because of the smaller particle size and the ease of producing 
the material. Different amounts of PHHT clay were studied, in order to 
optimise the PVC / clay formulations.   
The PHHT samples were tested in different formulations containing different 
amounts of clay and good results were found when the amount of clay was 
approximately 1phr. 
In good agreement with the urea method samples, the PHHT samples were 
also found to give a significant reduction in the time of gelation. This 
suggested that the hydrotalcite itself, no matter what the purity, has a 
triggering effect on the fusion of the polymer. Furthermore, the more 
hydrotalcite was introduced the faster the gelation time. High amounts of 
hydrotalcite also negatively affected the degradation time, which was directly 
shown in samples containing 5 and 10 phr. This aspect will need further 
investigation. 
 
7.5.3 Static Method for Thermal Stability Measurement 
The static method was a simple way to assess the degree of degradation of 
the polymer nanocomposite matrix after processing. The formulation 
containing 1 phr of hydrotalcites synthesised with the constant pH method 
was used to produce PVC nanocomposite sheets because it was found to be 
a good balance among all the other results. 
The change of colour was recorded for both the formulations and at 150 
minutes the control1 formulation begun to turn black while the 
polymer/hydrotalcite formulation (FM6) was already black. Considering that 
most of the synthesised clays underperformed with time of degradation below 
17 minutes, this result is in good agreement with how the clay behaved in all 
the formulations; FM6 was the best clay with an expected time of degradation 
of 19 minutes which showed an early change of colour in the static test (from 
white to pinkish). However, this is a phenomenon which might not necessarily 
involve degradation but definitely the time of gelation (as shown from the 
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dynamic test). The static tests needs to be investigated further on more 
samples and a full study with DSC would be necessary. 
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Chapter 8 
Further Work 
 
8.1 Further Work 
The future work can be summarised as follows: 
 
1. A combination of ageing and spray drying was found to be optimal to 
obtain finer hydrotalcite; however, autoclaved samples were not tested 
in the poly(vinyl chloride) formulations which makes it a topic to study in 
the future. Using fixed ageing time between 6 and 24 hours, 
formulations of poly(vinyl chloride) should be filled with 0.5 up to 10 phr 
of autoclaved hydrotalcite. The dynamic test run on these formulations 
should be compared with the one obtained in this thesis. 
2. The dynamic thermal stability test showed quicker and quicker gelation 
when the filler amount increased. A study of the poly(vinyl chloride) - 
hydrotalcite composites using differential scanning calorimetry (DSC) 
will be essential to understand the reason for the phenomenon. DSC is 
a good technique to assess the degree of gelation of the poly(vinyl 
chloride) formulations compared with the filler amount and type.  
3. Modification of the clay might be possible using nitrogen purge gas, 
even if intercalation of the clay is harder to achieve compared with 
negative layered clays such as montmorillonite. Samples should be 
characterised with XRD, XRF and TGA to obtain information on 
intercalation, composition and stability of the composite material. 
4. Dispersion of synthesised hydrotalcite in ionic liquid used as carrier 
(such as Lanphos or another compatible liquid) to be added during the 
high speed mixing of the poly(vinyl chloride) formulation. This might 
help the dispersion in the polymer and increase the affinity of the 
hydrotalcite with the organic matrix. Dynamic stability test and DSC 
should be carried out to study the effect on thermal stability and 
gelation. 
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5. Modification of synthesised hydrotalcite (using more concentrated 
surfactant solutions) and its behaviour during processing when heavily 
organic coated. Dynamic stability test and DSC should be carried out to 
study the effect on thermal stability and gelation. 
6. Regarding the synergism between PVC and hydrotalcite, a better way 
to incorporate the clay into the polymer matrix might be pre-dispersing 
the clay into a solvent: the liquid carrier should be hydrophobic and 
compatible with vinyl chloride monomer; materials from the previous 
bullet points (4 and 5) should be investigated. The carrier should be 
added to the polymerisation vessel and the suspension polymerisation 
of poly(vinyl chloride) will be carried out in water. Preliminary 
experiments were already carried out; however, due to the hydrophilic 
character of unmodified hydrotalcite, the filler dropped out from the 
suspension and deposited on the vessel walls. On the contrary, if the 
method were successful, it could increase the chances to have a 
double effect in term of mechanical properties and thermal stabilisation. 
 
 
 
[244] 
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